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RESUM 
Les proliferacions de dinoflagel·lades semblen estar relacionades sovint amb certa 
estabilitat de la columna d’aigua. Experiments de laboratori han mostrat que la 
turbulència de petita escala pot disminuir-ne la taxa de creixement i inhibir-ne la divisió 
cel·lular, juntament amb un augment de la mida i dels continguts d’ADN i ARN. 
L’objectiu de la present Tesis Doctoral fou explorar els efectes directes de la turbulència 
de petita escala en processos fisiològics relacionats amb el cicle cel·lular i de vida, i 
investigar els mecanismes pels quals aquest factor ambiental interfereix en la biologia 
de les dinoflagel·lades per contribuir així a la comprensió del desenvolupament de llurs 
proliferacions.  
Es va evidenciar que el cicle cel·lular de la dinoflagel·lada Alexandrium minutum es va 
aturar transitòriament en la fase G2/M. Les investigacions del possible mecanisme 
d’interferència per part de la turbulència varen considerar la hipòtesis d’una alteració 
del sistema microtubular implicat en la dinomitosi, la participació dels receptors de 
rianodina en la via de mecanotransducció activada per aquest estímul, i l’existència 
d’una expressió gènica diferencial. 
La turbulència va modular també la concentració cel·lular de toxines i de DMSP, la 
formació de cists d’ecdisi. i la infecció de l’endoparàsit Parvilucifera sinerae en 
dinoflagel·lades. La infectivitat va disminuir en condicions d’agitació i l’encistament 
asexual no va constituir un mecanisme útil per a la seva prevenció.  
També es va avaluar l’adequació de diversos sistemes experimentals per a generar 
turbulència en el laboratori. L’agitador orbital és el més idoni per a estudis fisiològics 
amb dinoflagel·lades, ja que tot el cultiu és exposat a la turbulència i les cèl·lules no 
se’n poden escapar. 
La present tesis doctoral conclou que les dinoflagel·lades prefereixen condicions de 
calma en la columna d’aigua, ja que la seva fisiologia és sensible a les situacions de 
mescla intensa. 
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ABSTRACT 
Dinoflagellate proliferations seem to be often related to certain stability of the water 
column. Laboratory experiments have shown that small-scale turbulence can diminish 
the net growth rate and inhibit cell division, and simultaneously increase the cell size 
and the DNA and RNA content. 
The objective of this PhD Thesis was to explore direct effects of small-scale turbulence 
on physiological processes related to the cell and life cycles of dinoflagellates, and to 
investigate the underlying mechanisms in the observed responses. The gained 
knowledge should provide a better understanding of the development of their 
proliferations. 
The cell cycle of the dinoflagellate Alexandrium minutum was transiently arrested in the 
G2/M phase. It was explored whether such interference was due to an eventual 
alteration, due to turbulence, of the microtubular system implicated in the dinomitosis, 
whether ryanodine receptors were involved in the mechanotransduction pathway 
activated by this stimulus, and also whether a possible differential gene expression 
occurred under turbulence. 
Toxins and DMSP concentrations, the proportion of ecdysal cyst and the endoparasite 
Parvilucifera sinerae infection on dinoflagellates were also modulated by turbulence. 
Namely, infectivity decreased under shaking, and likely, asexual encystment did not 
constitute a preventive mechanism to infection. 
The suitability of some experimental systems for turbulence generation was also 
considerate. The orbital shaker is the most appropriate setup to carry out physiological 
studies on dinoflagellates, since the whole culture is exposed to turbulence, and cells 
cannot escape it. 
The present Thesis concludes that dinoflagellates prefer calm water column situations, 
since their physiology is sensitive to intense mixing. 
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  La paciència és la mare de la ciència 
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This introductory section will deal with the main keywords and objectives of the thesis 
dissertation exposed here. Most concepts that will appear along the chapters and the 
“state of the art” are described in the sections I.1 to I.6. The questions that were 
formulated at the beginning of this thesis are exposed in section I.7, and the objectives 
and the structure are detailed on section I.8. I hope you enjoy this reading. 
 
I.1- The dinoflagellates 
Dinoflagellates are eukaryotic organisms that constitute an important and heterogenic 
part of the flagellate protists. The group includes approximately 4500 species assigned 
to more than 550 genera (http://tolweb.org/Dinoflagellates/2445, Tree of Life Web 
Project Protist Diversity Workshop), included within the Pyrrophyta division (of the 
Greek pyrrhos, flame colour). Most of them are marine organisms although some 
occur in fresh water. Their adaptation to a wide variety of environments is reflected by 
diversity of nutrition forms, morphologies and an extensive fossil record dating back 
several hundred million years (Graham and Wilcox 2000). A great part of 
dinoflagellates are photosynthetic but their role as primary producers is controversial 
as they exhibit heterotrophic behaviour too, and thus play an ambivalent role within the 
aquatic food web. Some dinoflagellates prey on other protozoa and some are parasites. 
Among dinoflagellates, the zooxanthellae are endosymbionts and play a relevant role 
in the coral reef biology. The high diversity at physiological, genetic and 
morphological levels has hindered the establishment of a clear taxonomy for this 
group. 
In some species, and during the vegetative life-form stage, the cell is covered by the 
theca constituted by cellulose plates. This structure confers the different external 
shapes characteristics of each species, although morphological variability may also 
depend on the physiological state of the organism. Together with other structural and 
genetic characteristics, the external morphology constitutes a taxonomic criterion.  
Dinoflagellates are unicellular organisms with two different flagella. The longitudinal 
one extends towards the posterior part of the cell and acts mainly as a rudder. The 
transverse flagellum may be contained in a groove-like structure around the equator of 
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the organism, the cingulum, and provides most of the force propelling the cell. This 
flagellum often imparts the distinctive whirling motion of dinoflagellates, to which 
their name refers (dinos means “whirling” in Greek). As swimming cells, they can 
flourish under conditions that are unsuitable for many non-motile phytoplankton 
(which otherwise tend to sink and be more passively moved out by the water motion). 
This success is due in part to their unique behaviour patterns, including diel vertical 
migration. 
The dinoflagellate nucleus constitutes a peculiarity of the group and its unique features 
are considered as indicative of the very primitive origin of these organisms. The 
chromosomes, for example, are easily visible along the whole cell cycle because they 
remain permanently condensed and do not go through coiling and uncoiling, as it 
commonly occurs in most eukaryotic cells. Dinoflagellates also have few or no 
nucleosomes and lack histones associated with their DNA (Spector 1984, Rizzo 1991). 
Further, the nuclear membrane does not disappear during the mitosis. Thus, the mitotic 
spindle is usually extranuclear, and it is constituted by a complicated system of 
cytoplasmic channels containing microtubules that traverse the nucleus (Fig. I.1). At 
particular points, the microtubules attach to the daughter chromosomes and segregate 
them to form the two daughter cells. All these features entail that the mitotic process in 
dinoflagellates takes a special name: the dinomitosis. This complex cell duplication 
process could be very sensitive to environmental forcing, and it has constituted one of 
the target questions addressed in this thesis (see section I.7) 
            
Figure I.1: From Perret et al. 1993. Schematic representation (drawn by Mrs. M. J. Bodiou) of a dividing 
cell of Crypthecodinium cohnii. 
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During most part of their life cycle, dinoflagellates are usually haploid (n), and they 
reproduce mainly by binary fission. Sexual reproduction is also a common feature in 
dinoflagellates; it takes place by gamete fusion and zygote (2n) formation (Fig. I.2). 
Some dinoflagellates are heterothallic, i.e. gametes with different polarity are needed 
for sexual reproduction. Others can perform homothallic reproduction by fusion of 
gametes with the same polarity; in this case sexual cysts can be produced in a clonal 
culture. This capacity is not species-specific, and indeed, it can vary within strains.   
The zygote can remain mobile as a planozygote and turns into hypnozygote or resting 
cyst by a series of morphological, physiological and biochemical changes poorly 
known. These include, among others, the synthesis of a resistant and chemically 
complex wall and the loss of the two pairs of flagella. Thereafter, the immobile cell 
sinks to the sea floor, where it can survive in the sediment for some years (Lewis et al. 
1999, McQuoid et al. 2002). After a particular latency and/or maturation period, the 
cyst germinates and it becomes a planomeiocyte, which produces through meiosis, new 
haploid cells. 
 
Figure I.2: Conceptual model of the dinoflagellates life cycle (adapted by I. Bravo from Wyatt and 
Jenkinson 1997).  
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Although still not well understood, the encystment and excystment processes seem to 
play an important ecological role as part of bloom and seasonal dynamics of many 
dinoflagellate species (Montresor 2002). Thus, many works are addressed to study how 
the environmental factors influence encystment and excystment processes. For 
instance, sexual reproduction and cyst formation in cultures were promoted by poor 
nutrient culturing media (Sako et al. 1987, Anderson 1998, Ellegaard et al. 1998), 
although field studies never confirmed nutrient limitation as a main factor stimulating 
sexual reproduction (Anderson et al. 1983, Kremp and Heiskanen 1999). Further, 
Uchida (2001) hypothesized that the planozygotes formation could require a minimum 
number of cellular collisions, which would depend on cell density. This, in turn, could 
probably be favoured the hydrodynamic conditions, as it seems to be the case in similar 
cell encounter based processes (Rothschild and Osborn 1988; see section I.5). 
However, inhibition of sexual cyst production in some dinoflagellate species by 
shaking has also been described (Tynan 1993, as indicated in Thomas et al. 1997, 
Smith and Persson 2005). 
Asexual cysts (n) are also formed by some dinoflagellate species along their life cycle. 
Their formation process involves loss of theca (ecdysis) and flagella by a vegetative 
cell. Classically, asexual cysts were understood as temporary cysts, but nowadays it 
seems clear that this kind of cysts cannot be directly related to latency periods. 
Moreover, different names have been used indistinctly as a synonyms to designate 
asexual cyst, i.e. ecdysal and pellicle cysts (referred to the formation of a thickened 
pellicle around the cell) although probably different kind of asexual cyst have to be 
distinguished (Figueroa et al., in prep). Their presence was related to stress conditions 
(reviewed in Garcés 2002) as changes in temperature (Doucette et al. 1989) or 
presence of allelopathic competitors (Fistarol et al. 2004), although the effect of 
hydrodynamic forces was not tested. As indicated in section I.7, this was another 
question addressed in this thesis.  
Dinoflagellates have some of the most studied circadian rhythms. Circadian rhythms 
are cyclical variations with a periodicity near the 24 hours of the diel cycle. Their 
rhythms are particularly interesting because of their relationship with physiological 
processes as cellular division, photosynthesis and vertical migration. Dinoflagellates 
have a cell cycle with defined G1, S and G2/Mitosis phases (Raikov 1995) usually 
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phased to the diel cycle. It is not well understood which and how transduction 
pathways are activated by extracellular cues and how the signals are transmitted to the 
nucleus. Probably, dark/light transitions are key elements that controlling circadian 
rhythms (Leighfield and Van Dolah 2001, Barbier et al. 2003). Furthermore, some 
regulatory factors of eukaryotic division, as protein kinases, have been identified in 
dinoflagellates (Rodríguez et al. 1994, Van Dolah et al. 1995, Van Dolah and 
Leighfield 1999). In Karenia brevis (formerly Gymnodinium breve) a cyclin-dependent 
kinase (CDK) was identified as a diel cue (Leighfield and Van Dolah 1999) in the cell 
division cycle. Changes on the division process could involve a circadian rhythm 
alteration, that will concurrently imply an amendment of other metabolical processes. 
The metabolism of some dinoflagellates has also two relevant characteristics: the 
possibility to synthesize toxins and dimethylsulfoniopropionate (DMSP). DMSP is a 
major source of organic sulfur in the ocean and plays a significant role in the global 
sulfur cycle. Its cleavage produces DMS, which is volatilized and thus liberates 
gaseous sulfur to the atmosphere. DMS and DMSP are produced mainly by 
haptophytes (including coccolithophorids), chrysophytes and dinoflagellates. The exact 
function of DMSP is unclear, but it has been suggested that it could be a possible 
antioxidant by scavenging hydroxyl radicals and other reactive oxygen species, 
byproducts of photosynthesis (Foyer 1996, Sunda et al. 2002) in marine microalgae. 
Both, DMS and DMSP production could be related to environmental conditions 
(salinity, light, dissolved nitrogen and sulfur, and temperature). Also, mechanical stress 
could estimulate DMSP lyase activity (Niki et al. 2000) and DMS production (Wolfe et 
al. 2002) in dinoflagellates, although the effects of turbulence in the precursor DMSP 
remains unknown. 
Some dinoflagellates produce chemicals that are toxic to humans (by shellfish 
consumption or by aerosol exposure) and to some marine organisms as well (as revised 
for instance by Van Dolah 2000). Diseases associated to dinoflagellate toxins include:  
i) paralytic shellfish poisoning (PSP) by filter-feeding shellfish, due to a 
group of heterocyclic guanidines called collectively saxitoxins (STXs), 
ii) diarreic shellfish poisoning (DSP) by filter-feeding shellfish, due to okadaic 
acid (OA), dinophysitoxins (DTXs), yessotoxins (YTXs) and pectenotoxins 
(PTXs), 
Introduction 
8 
iii) neurotoxic shellfish poisoning (NSP) by filter-feeding shellfish, usually due 
to brevetoxins (PbTXs), 
iv) amnesic shellfish poisoning (ASP) by filter-feeding shellfish, due to domoic 
acid, 
v) ciguatera (CFP) by consuming fishes with an accumulation of ciguatoxins, 
maitotoxins (MTXs), palitoxins and  gambierol, 
vi) poisoning by azaspiracid (AZP) that has no effects on human health, but in 
fishes, especially on intensive aquaculture. 
Toxic events can occur at very low cell concentrations of the toxin producing species, 
and this posses a real problem in its early detection and prevention.  The production of 
toxic components in dinoflagellates is not a universal feature, around 70 species are 
described as toxic (Taxonomic Reference List of Toxic Plankton Algae of 
Intergovernmental Oceanographic Commission, http://ioc.unesco.org/hab/index.php). 
Further, toxicity appears to be even strain-specific and the toxin profiles show 
qualitatively the same composition within different strains of the same species. This 
fact could be considered as an indicative of certain heritability of this character. 
The role of toxins in the dinoflagellates metabolism is unknown (Anderson and Cheng 
1988, Guisande et al. 2002) and their intracellular concentration may vary with 
different environmental factors with no clear patterns. For instance, intracellular toxin 
concentrations depend on the diel cycle (Taroncher-Oldenburg et al. 1997) and also on 
nutrients availability (Anderson et al. 1990, Siu et al. 1997, Maestrini et al. 2000, 
Lippemeier et al. 2003), predator presence (Selander et al. 2006, Bergkvist et al. 2008), 
cell density (Van Lenning et al. 2007) and shear (Juhl et al. 2001), among others. In the 
present thesis, we have tried to contribute to the understanding of the variability of 
DMSP and toxin production in dinoflagellates induced by turbulence (see section I.7). 
 
I.2- Harmful algal blooms 
The dinoflagellate group comprises many “Harmful Algal Blooms (HABs) causative 
species. The generic term HABs refers to proliferations of microalgae (senso lato) that 
can cause massive fish kills, contaminate seafood with toxins, and/or alter ecosystems 
in ways that human perceive as harmful (GEOHAB 2001). The term “harmful” is 
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indeed, anthropogenic. In nature, not all the algal blooms in the ocean are harmful. 
Most blooms are beneficial to the marine ecosystem as a primary source of food within 
the trophic webs.  
HABs are more common in coastal and confined waters (although they also occur in 
upwelling systems), and their effects on public health, on the structure and function of 
marine ecosystems, and on the sustainability of living marine resources has motivated 
their continuous study. HABs consequences include anoxia caused by elevated organic 
matter concentration and organisms (fish) death. Toxin concentrations are 
biomagnified through filter-feeding shellfish transfer, and cause digestive diseases and 
poisoning to the human or animal consumers (Shumway 1990, Smayda 1992), while 
molluscs are usually not sensitive to the effects of toxins accumulated in their tissues. 
In spite of the HABs importance and of the phytoplankton blooms, harmful or not, 
occurring worldwide, they are still uncertainties about factors that govern initiation, 
development and, overall, the decline of such events, and specially how a particular 
species or taxons are selected. In the case of dinoflagellates, their proliferations appear 
to be related to certain water stability and high nutrient concentration in the water 
column. In the Mediterranean Sea, dinoflagellate blooms are favored by the water 
masses confinement that is produced, for example, in harbours (Vila et al. 2001b). Low 
water renovation rates difficult the organism’s dispersion and allow an enhanced 
population development. Furthermore, dinoflagellates are mainly swimming-adapted to 
thrive under relatively low turbulent conditions compared to other phytoplankton 
groups, as diatoms that lack this control of their position in the water column (Margalef 
1978). The Margalef’s mandala (Fig. I.3) represented a conceptual model on the 
phytoplankton succession (especially in coastal areas) driven mainly by hydrodynamic 
forces relative to light and to nutrient availability (Margalef 1978, Margalef et al. 
1979). The main concepts about turbulence are outlined next. 
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Figure I.3: Reprinted from Margalef 1978. Life-forms of phytoplankton in an ecological context defined 
by turbulence and nutrient concentration, as described by the Margalef’s Mandala. 
 
I.3- Turbulence 
Turbulence is a state of the motion of a fluid, and is not a characteristic of the fluid per 
se. Turbulent flow is characterized by (Tennekes and Lumley 1972): i) velocity 
random fluctuations, ii) enhancement of the diffusion of scalar properties, such as 
mass, heat and solutes concentration, in some orders of magnitude, iii) energy 
dissipation as heat at small scales, and iv) equal properties in the three dimensions 
(isotropy).  
Turbulence is a very common phenomenon in nature. Eddies that we can observe often 
in the smoke, the foam and even the clouds are evidences of turbulent processes. In the 
sea, turbulence can be generated by the wind (one of the responsible for the waves 
formation), gradients of physico-chemical properties (which give rise to currents), and 
even the tides. By these different mechanisms, the marine system receives an important 
input of energy at big spatio-temporal scales (Mann and Lazier 1991), which is 
transmitted in a “cascade” mode from big to small scales without (in theory) energy 
losses (Daly and Smith 1993). Below certain eddies size, at small scale, molecular 
forces become important and viscosity dominates. At this scale, all the energy is 
dissipated as heat. The length scale at which molecular viscosity (ν) is important 
enough to smooth the velocity gradients, is known as the Kolmogorov length scale. At 
this scale, the energy transferred from larger scales is equivalent to that dissipated by 
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viscosity, and is expressed as turbulent kinetic energy dissipation rate, ε, [L2T-3]. The 
Kolmogorov scale reflects the relationship between two antagonist forces, viscosity 
and inertia: λν = C(ν3/ε)1/4, where ν is the kinematic viscosity of the fluid and ε refers 
to the turbulent kinetic energy dissipation rate In nature, the Kolmogorov length scale 
values are of the order of one millimetre. So, fluctuations of velocity are smoothed by 
viscosity at the scale of dinoflagellates which are in general smaller than 200 µm. In 
theory, microalgae perceive lineal gradients of velocity or shear following the 
expression du/dz=Csh(ε/ν)1/2, [T-1], where du/dz is the velocity gradient and it randomly 
changes with time (Csh is a factor of proportionality). The shear stress, expressed as τ ≈ 
μdu/dz [MLT-2], where μ= ρν represents the dynamic viscosity, and the deformation rate 
γ [T-1], equivalent to (ε/ν)1/2, that represents the magnitude of deformation due to the 
gradients of velocity, are other flux characteristics that could directly affect 
dinoflagellates, as we have considered in this thesis. 
 
I.4- Small-scale turbulence on the laboratory 
In general, the study of the physico-chemical processes and biology interactions is, 
certainly, difficult. The fact that the turbulence is a so complex property, difficult to 
describe and quantify, complicates the study of its effects in the plankton. In fact, 
nowadays, the experimentation in the laboratory is unable to emulate the natural 
turbulence neither qualitative nor quantitatively, in despite of the effort that researchers 
have devoted to it. 
Several experimental systems have been designed for this objective during the last 
years and still, none of them satisfies the scientific community. For instance, in the 
orbital agitation systems (Fig. I.4a), the generated levels of ε are much higher than the 
mean values estimated in the natural environment even under high storm conditions. It 
is necessary to consider here that the ε estimations in the field and the laboratory are 
performed by different methodologies and instruments, so the obtained data may not be 
directly compared. Besides this problem, the use of orbital shakers for turbulence 
generation allows to deal with relatively large culture volumes (some litres) which are 
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usually necessary for the study and monitoring of biological parameters in 
ecophysiology studies. 
Vertically oscillating grids inside cylindrical recipients (Fig. I.4b) allows the 
generation of more realistic turbulence levels. The system, specifically named 
FERMA, was designed by Dr. Peters with the support of NTAP European project 
(Peters et al. 2002). The device is highly versatile in oscillation frequency and 
amplitude and container volumes. Another instrument for experimental turbulence 
generation is the Couette system, constituted by two concentric cylinders that contain 
the culture media in the free space between them (Fig. I.4c). Its most interesting feature 
is that the flow of the fluid (laminar or turbulent) generated when one or the two 
cylinders turns at different angular velocities, can be hydrodynamically characterized. 
This experimental system has usually been limited to volumes of ca. 200 mL. The 
election of a particular experimental setup depends on the previous consideration of its 
intrinsic advantages and inconveniences and to appropriately contextualize the 
obtained empirical results. In this thesis, an effort was conducted to evaluate the 
suitability of these three experimental systems for the ecophysiological study of the 
effects of turbulence on dinoflagellates (see chapter 5 and the Summary and general 
discussion section of the thesis). 
  
 
Fig I.4: Turbulence generation devices commonly used in physiological studies. a) Orbital shaker. b) 
Vertically oscillating grids. c) Couette. 
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Another aspect to highlight is the difficulty in the direct comparison among 
experiments carried out following different approaches (Peters and Marrasé 2000). 
Under near identical experimental conditions, cultures growth and other physiological 
parameters could dependent on the characteristics of the experimental containers (e.g. 
glass versus plastic, volume and shape). Moreover, some inconsistencies in the results 
obtained by different published works may depend on the different physiological state 
of the organisms, an aspect often difficult to ascertain from the information provided 
by the studies. For instance, most negative effects of turbulence observed on 
dinoflagellates (growth inhibition and cellular mortality) have been obtained in 
experiments carried out in Couette (Thomas and Gibson 1990, Juhl et al. 2000, 2001). 
There, the calculated shear stress values corresponded theoretically to an ε range 
occurring in the ocean (10-6- 10-2cm2s-3, from Kiørboe and Saiz 1995). These effects 
contrast with the ones obtained by exposure to orbital agitation, which besides 
considered to be of much higher ε intensity (10-6- 102cm2s-3, from Guadayol et al. 
2009) would only cause a moderate decrease of the net growth rate and diverse 
alterations, but not cell death (Berdalet and Estrada 1993, Berdalet et al. 2007). 
However, cellular disintegration was described in the first works with other species, 
carried out with orbital agitation, in which estimations of turbulence were not 
performed (White 1976, Galleron 1976). In this thesis, a major effort was taken in 
conducting the different studies under the more similar experimental conditions, so that 
the obtained results could be compared in order to draw general conclusions. 
 
I.5- Effects of small-scale turbulence on phytoplankton 
In the ocean, phytoplankton cells are continuously subjected to shear and other forces 
linked to the small-scale turbulence and viscosity. These forces can affect, positive or 
negatively, the cell physiology. It is not the aim to make an exhaustive revision here of 
such effects, revised recently by Berdalet and Estrada (2005, 2008). These effects 
concern mass transfer across boundary layers (nutrient uptake, excretion, gas transfer, 
...), encounter-based processes (aggregation, predator-prey and sexual interactions, ...) 
and direct modifications of cell physiology, and will be summarized next. 
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Until now, theoretical and experimental studies indicate that the small-scale turbulence 
can interfere the molecules transfer from and to the cell (Kiørboe 1993, Berdalet and 
Estrada 2005). The relative movement between the fluid and the cell (due to a turbulent 
flow, swimming or sedimentation) can modulate the degree of nutritional limitation. 
This effect was considered to be significant in big (> 100 μm) phytoplankton cells 
(Karp-Boss et al. 1996). These theoretical calculations were experimentally supported 
recently by Peters et al. 2006. 
Turbulence can also interfere in predator and prey encounter rates. Twenty years ago, 
Rothschild and Osborn (1988) introduced the concept that turbulence increases the rate 
of contacts between plankton organisms and their prey, and it was experimentally 
observed by Costello et al. 1990, Marrasé et al. 1990, Mann et al. 2005 and Peters and 
Marrassé 2000. This may influence the trophic relationships in the plankton system, 
although other aspects (prey abundances, turbulence intensity, sensory or behavioural 
characteristics) may also be involved. A particular case of interactions among plankton 
organisms mediated by turbulence are the host-parasite dynamics. Few studies have 
shown an influence of physical factors on such processes in phytoplankton 
communities. Doggett and Porter (1996) suggested that epidemics of chytrids on a 
diatom population were correlated with periods of increased water turbulence. Kühn 
and Hofmann (1999) studied the effect of turbulence on the infection of a diatom by a 
parasitoid nanoflagellate. Turbulence enhanced the encounter rate between host cells 
and zoospores but reduced the contact time. The authors hypothesized that turbulence 
interacted with the chemotactic signals, making difficult the detection of the algae. 
Other laboratory experiments have shown that small-scale turbulence can directly 
affect phytoplankton cells. The observed effects include behaviour alterations - e.g. 
migration or swimming patterns (Kamykowski 1998, Karp-Boss et al. 2000), 
physiological changes (Smayda 1997, Thomas et al. 1997; for review, see Berdalet and 
Estrada 2005, 2008) and cellular damages (White 1976, Berdalet 1992). The responses 
of the different phytoplankton groups to small-scale turbulence are very diverse. 
Thomas and collaborators (1997) hypothesized that the the different groups of 
phytoplankton could be ranked regaarding their sensitivity to turbulence as: 
chlorophytes < cyanophytes < diatoms < dinoflagellates. 
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I.6- Dinoflagellates response to turbulence  
Dinoflagellates are a group especially sensitive to small-scale turbulence. The 
pioneering studies of W. E. Allen (1938, 1946) described that dinoflagellate 
proliferations in the Bahía de la Jolla correlated with periods of relative calm sea. 
Dinoflagellate abundances were also inversely related with turbulence, often indirectly 
estimated (from wind speed or waves amplitude, Tynan 1993, Hallegraef et al. 1995, 
Rapoport and Latz 1998). In a temporal series carried out in the lake Kinneret (Israel) 
in the period 1992-1996 (Berman and Shteinman 1998), Peridinium gatunense (= P. 
cinctum f. westii) abundances during most part of the year were negatively correlated 
with the turbulent kinetic energy dissipation rate, ε. These data corroborated earlier 
studies (Pollingher and Zemel 1981) that suggested that the proliferation of P. 
gatunense was inhibited by wind blowing during the night, when this organism 
performs cell division. More recent studies with fine spatial resolution sampling 
revealed the preferential accumulation of dinoflagellate populations in thin layers, 
formed in subsurface waters under the appropriate hydrodynamic conditions (Gentien 
et al. 2005, Velo-Suarez 2009) and maintained by the nutrients regeneration that occur 
in situ (ammonium or dissolved organic carbon) or by mixotrophy. This is the case of 
Dinophysis norvegica in the Baltic (Carpenter et al. 1995) or of Karenia mikimotoi in 
Brittany coasts (Gentien 1998). Sullivan et al. (2003) observed that the high cellular 
abundances of Alexandrium catenella detected during the summer proliferation event 
was concentrated in thin layers (< 2 m), where the intensity of ε and associated shears 
were minimum. 
Several laboratory experiments have evidenced that small-scale turbulence can cause 
physiological alterations on dinoflagellates (p.e., Pollinger and Zemel 1981, Thomas 
and Gibson 1990, Berdalet 1992, Juhl and Latz 2002). In the last review by Berdalet 
and Estrada (2008, and references therein) different direct effects on dinoflagellates 
have been documented: cellular morphology alterations, interferences in the swimming 
patterns, cell death, increases in RNA, DNA, cellular volume and toxin concentration, 
and bioluminescence stimulation. Often, these changes are accompanied by low net 
growth rates and cellular division inhibitions, and sometimes followed by cell death. 
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At present, it is not known how turbulence may alter cell division and other 
physiological processes. Karentz (1987) and Berdalet (1992) hypothesized that the cell 
division inhibition could be caused by a dinomitosis alteration in some way. 
Turbulence might alter the coupling between the microtubular components of the 
mitotic spindle and the chromosomes, and thus the subsequent chromosomes 
segregation could be more difficult than under still conditions. This could result in the 
observed slow down of the growth rates under turbulence. This hypothesis will be 
referred to as the “microtubule hypothesis” in the present thesis. Other studies have 
described negative net growth rates on dinoflagellates cultures under turbulence (White 
1976, Thomas and Gibson 1990, Juhl et al. 2000). This finding might be only 
explained by an increase of mortality. However, it remains unclear whether cell 
division inhibition and cell mortality are both involved in the decrease in net growth 
rate and cellular abundances. To answer this question has been one of the objectives of 
this thesis. 
Finally, one of the aspects poorly understood, in general and in particular on 
dinoflagellates, is how the flow dynamics is perceived by the cells and transduced into 
particular responses. GTP-binding (G) proteins were described as involved in flow 
stimulation of bioluminescence in the dinoflagellate Lingulodinium polyedrum (Chen 
et al. 2007). G proteins are important signal transducing molecules and they could act 
as flow sensors. In this species, mechanochemical signal transduction could be 
mediated by changes in intracellular calcium (von Dassow and Latz 2002). In fact, 
calcium levels regulate a wide range of vital cell functions including motility, 
morphology, metabolic processes, cell-cycle progression, signal transduction, 
replication and gene expression. A mobilization of cytosolic calcium was described in 
Crypthecodinium cohnii under shaking conditions (Yeung et al. 2006). In these 
conditions, mechanical stress induced a transient arrest in cell cycle involving caffeine-
sensitive ryanodine receptors. However, the complete signaling pathways are not 
widely understood. 
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I.7- Open questions 
For the overall presentation above, some interesting aspects concerning the link 
between small-scale turbulence and the physiology of dinoflagellates constitute 
unresolved issues that were addressed by the present thesis. 
First of all, it was mandatory to check the suitability of the different experimental 
setups to generate turbulence for our ecophysiological studies on dinoflagellates. Our 
aim was to force responses at cell and life cycle levels, without causing major cell 
death. Thereafter, it was necessary to identify the experimental turbulent conditions 
that could drive to cell division inhibition (or to cell death eventually) of 
dinoflagellates. Until the beginning of the thesis, the available studies had not provided 
results conclusive enough (e.g. Juhl and Latz 2002). To differentiate between these two 
processes could contribute to the comprehension of the underlying mechanisms of the 
dinoflagellates response to small-scale turbulence. In the case of a cell division cycle 
alteration, it would be also relevant to identify which phases were modified by 
turbulence and how. 
Once the conditions that repeatedly caused the alteration of the cell division were 
established, one of the more intriguing and hard questions to answer was explored: 
could turbulence produce an alteration of the microtubule assemblage during the 
dinomitosis, as it was hypothesized about 20 years ago (Karentz 1987, Berdalet 1992)? 
To test this “microtubule hypothesis”, a technical aspect needed to be solved, namely 
to obtain a high resolution visualization of the microtubular system, especially of the 
mitotic spindle, on marine dinoflagellates. Furthermore, other linked questions 
remained open: how do cells perceive the mechanical forces and convert their signals 
to biological responses? Which could be the underlying mechanisms of response to 
turbulence? Could a differential gene expression reflect the particular physiological 
reactions involved? 
Given that many physiological processes are controlled by circadian rhythms (e.g. 
Taroncher-Olderburg et al. 1997, Bucciarelli et al. 2007), it was also hypothesised that 
some of them could also be altered by turbulence in parallel to the changes in the cell 
division cycle. Thus, variations in the concentration of two relevant metabolites in the 
dinoflagellate physiology, DMSP and toxin concentration, entrained by turbulence 
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were explored. Again, the available information regarding such modulation at the 
beginning of the thesis was incomplete (Juhl et al. 2001, Wolfe et al. 2002). 
It was also noted that, overlapped to a complex cell division process, dinoflagellates 
exhibit sophisticated life cycles that could be also modified somehow by turbulence. In 
particular, it was expected that the alternation dynamics of benthic (cysts) and 
planktonic (vegetative) phases could differentially respond to turbulence. 
Finally, from a more ecological perspective, it was aimed to explore eventual 
interactions of turbulence on parasite infectivity on dinoflagellates. The interaction of 
dinoflagellates with other organisms, such as grazing or parasitism is also important for 
the modulation of their populations and it cannot be avoided if we want to shed light 
on the understanding of the dynamics of this phytoplankton group in nature. 
 
I.8- PhD thesis objectives and structure 
The study was aimed to make a contribution to the knowledge of the effects of small-
scale turbulence on the dinoflagellate ecophysiology. It extends from ultrastructural 
and molecular to ecological aspects. 
Specifically, this PhD thesis was focused on the main following objectives organized 
in six chapters. 
Chapter 1 seeked to better elucidate the effects of turbulence on the cell cycle and/or 
cell mortality of the toxic dinoflagellate Alexandrium minutum Halim, and whether 
these two mechanisms depended on the duration of exposure to mechanical agitation.  
Chapter 2 aimed at assessing the microtubule assemblage alteration hypothesis under 
small-scale turbulence. The different techniques explored and optimized to visualize 
the microtubular systems on different dinoflagellate species sensitive to turbulence 
were also reported. 
Chapter 3 evaluated for the first time whether the toxic dinoflagellate Karenia brevis 
was sensitive to small-scale turbulence. Once this was confirmed, it was tested whether 
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caffeine-sensitive ryanodine receptors were involved in the observed cell cycle arrest. 
In addition, a first approach to identify a differential gene expression under turbulence 
using a DNA microarray developed for this species was used.  
 
Chapter 4 investigated the role of small-scale turbulence on the DMSP concentration 
in A. minutum cultures. In particular, it was examined whether (and if so, how) changes 
in DMSP were linked to the modification of the cell cycle induced by turbulence. 
Chapter 5 tackled how two turbulence levels, generated by different experimental 
setups, affected toxin and ecdysal cyst dynamics of two bloom forming species, 
Alexandrium catenella and A. minutum.   
Chapter 6 examined the importance of small-scale turbulence on the endoparasite 
Parvilucifera sinerae infectivity on dinoflagellates of a natural phytoplankton 
community. A susceptible-infected model was proposed and simulations were run to 
better understand the importance of turbulence on the parasite infection process. 
The memoir of this PhD Thesis contains the six central chapters detailed above in 
scientific-paper format (introduction, materials and methodology, results, discussion 
and conclusions), plus the general introduction (this section) and general conclusions 
(last section). Some of the information given in this general introduction may appear 
repeated or overlapped in the different chapters. At the same time, in the individual 
chapters the reader will find more complete and specific information about some of the 
topics that have been briefly outlined in this general Introduction. Further, given that 
“turbulence” and “dinoflagellates” are common key words throughout, similar 
information appears in the introduction of all chapters, besides the effort to minimize 
overlapping among them. 
The chapter organization was chosen responding to a logical order, grouping cellular 
biology aspects (from chapters 1 to 3), physiological responses (from chapters 4 to 5) 
and ecological features (chapter 6). Chronologically, the experimental work from 
chapter 5 was carried out first for logistic reasons. It included a big number of tests and 
experiments, trying to choose the best experimental conditions to be repeated in the 
other chapters. So, along the thesis, the experimental work was performed following 
the most similar conditions, and also trying to be analogous to previous works 
performed in our lab (Berdalet et al. 2007), with the aim to facilitate a comparison and 
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extrapolation of results among studies. In this context, A. minutum was the chosen 
species in most parts of the thesis, except for gene expression analysis studies, because 
the species-specific microarray had been developed for Karenia brevis.  A. minutum 
was selected because it is a PSP toxin producer that proliferates in Mediterranean areas 
(Halim 1960, Delgado et al. 1990, Nezan et al. 1989, Honsell et al. 1995) and appears 
to be widely spread along the Catalan coast, sometimes on intensive and recurrent 
blooms, i.e. in Arenys de Mar harbour (Garcés et al. 2004, Vila et al. 2001b, 2005). 
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ABSTRACT 
Decreased net population growth rates and cellular abundances have been observed in 
dinoflagellate species exposed to small scale turbulence. Here, we investigated whether 
these effects were caused by alterations in the cell cycle and/or by cell mortality, and in 
turn whether these two mechanisms depended on the duration of exposure to turbulence. 
The study was conducted on the toxic dinoflagellate Alexandrium minutum Halim, with 
the same experimental design and setup used in previous studies to allow direct 
comparison among results. A combination of microscopy and Coulter Counter 
measurements allowed to detect cell mortality, based on the biovolume of broken cells 
and thecae. The turbulence applied during the exponential growth phase caused an 
immediate transitory arrest in the G2/M phase, but significant mortality did not occur. 
This suggests that high intensities of small-scale turbulence can alter the cell division, 
likely affecting the correct chromosome segregation during the dinomitosis.  When 
shaking persisted for more than 4 days, mortality signals and presence of anomalously 
swollen cells appeared, suggesting the activation of mechanisms that induce the 
programmed cell death. Our study suggests that the sensitivity of dinoflagellates to 
turbulence may drive these organisms to find the most favourable (calm) conditions to 
complete their division cycle. 
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INTRODUCTION 
Understanding of harmful algal bloom (HABs) dynamics requires evaluating how 
different environmental factors influence the physiology and biology of the involved 
organisms. In the case of dinoflagellates, a phytoplankton group that includes several 
HAB producing species, small-scale turbulence appears to be a key physical factor that 
can affect particular aspects of their biology (reviews by Peters and Marrassé 2000 and 
by Berdalet and Estrada 2005). 
Several field studies have documented the capacity of dinoflagellates to adjust their 
motion and position to the turbulence intensity (Eppley et al. 1968, Margalef et al. 1979, 
Sullivan et al. 2003). Their swimming behaviour, combined with certain circulation 
features (convergences, relaxation of upwelling), may favour accumulation in relatively 
calmed and stratified environments (Wyatt and Horwood 1973, Margalef 1978, Smayda 
and Reynolds 2001) in a broad range of scenarios (coastal embayments, estuaries and 
retention areas such as eddies in shelf waters). Furthermore, in 72% of a number of 
experimental studies conducted on this phytoplankton group (listed in Berdalet et al. 
2007), turbulence caused a decrease in the net growth rate and/or a low cellular 
abundances and physiological alterations such as changes in swimming behaviour 
(Estrada et al. 1987, Thomas and Gibson 1990, Chen et al. 1998, Karp-Boss et al. 2000, 
Berdalet et al. 2007) and cell morphology (Zirbel et al. 2000), increase of cell size, 
RNA and DNA cell content (Berdalet 1992, Berdalet et al. 2007, Yeung and Wong 
2003), modified cellular toxin concentration (Juhl et al. 2001, Bolli et al. 2007), 
bioluminescence stimulation (Anderson et al. 1988, Latz et al. 1994, Latz and Rohr 
1999) and encystment inhibition (Anderson and Lindquist 1985, Tynan 1993, Smith and 
Persson 2005, Bolli et al. 2007). These alterations suggest an interference of small-scale 
turbulence with cell division and life cycle processes. An inhibition of the cell division 
would result in the often reported decrease in net growth rate and cellular abundances, 
although a certain degree (simultaneous or not) of cell mortality can also occur (e.g., 
Pollingher and Zemel 1981, Thomas and Gibson 1990, Berdalet 1992, Juhl et al. 2000, 
Sullivan and Swift 2003).  However, to discriminate whether turbulence caused the 
inhibition of cell division and/or cell death is difficult, mainly due to methodological 
limitations. To differentiate between these two processes could contribute to the 
comprehension of the underlying mechanisms of the dinoflagellates response to small-
scale turbulence.  
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Cell division inhibition can be caused by an alteration of the cell cycle, implying a total 
or partial arrest in a particular phase (Murray and Hunt 1993). For instance, the decrease 
in cell division in Lingulodinium polyedrum cultures was associated to a lengthening of 
the G1 (gap followed by DNA synthesis -S- phase) or of G2 (gap preceded by S phase) 
phases depending on the duration and intensity of flow shear generated by a Couette 
system or by a reciprocal shaker (Juhl and Latz 2002). Yeung and Wong (2003) 
reported a transient cell cycle arrest in G1 phase of Heterocapsa triquetra and 
Crypthecodinium cohnii cultures exposed to continuous orbital shaking. Flow cytometry 
was used in the two studies to characterize the effect of turbulence on the cell cycle. A 
temporary arrest in the G2 phase of the cell cycle, and thus no progression through 
mitosis (M phase), was suggested to occur in Akashiwo sanguinea (Berdalet 1992), 
Prorocentrum triestinum and Alexandrium minutum (Berdalet et al. 2007) when 
exposed to orbital shaking. In these three species low cell abundances and net growth 
rates under turbulence were accompanied by increases in both cellular DNA 
concentration (up to 10-, 5.3- and 1.8-fold, respectively, relative to controls) and cell 
size (up to 1.5, 2.5 and 1.4 times relative to controls, respectively). In these two studies 
DNA was estimated biochemically, but unfortunately, detailed cell cycle observations 
that could have identified a certain cell cycle alteration were not performed. 
Decreased or negative net growth rates caused by different experimental turbulence 
conditions were associated with cell death based on different observations. Damaged or 
broken cells were observed (although mortality rates were not quantified) in the studies 
by Tuttle and Loeblich 1975, White 1976, Galleron 1976, Thomas and Gibson 1990 and 
Berdalet 1992. Juhl et al. 2002 assessed the impact of turbulence in L. polyedrum 
through the comparison of the percentage of intact and disrupted cells and of cells with 
damaged membranes in sheared and in undisturbed cultures. Furthermore, based on the 
similarity or discrepancy between potential growth rates estimated by flow cytometry 
and the net growth rates estimated by microscopic cell enumeration, these authors 
discriminated between inhibition of the cell cycle and mortality. By this approach, they 
noted that the mechanism by which shear stress generated by Couette flow inhibited the 
net growth rate of L. polyedrum depended on shear stress levels and growth conditions. 
They hypothesized that natural turbulence levels may cause inhibition of cell division, 
with a subsequent delay in bloom development. In contrast, the shear-induced mortality 
observed during the stationary phase of their cultures suggested that high shear levels 
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would contribute to bloom termination. These authors concluded that it was difficult to 
ascertain whether other species different from L. polyedrum would have had the same 
response. As it is known (Berdalet and Estrada 1993, Sullivan and Swift 2003), the 
response of dinoflagellates to turbulence is highly species-specific.  
We addressed our present study to investigate whether cell cycle alterations and cell 
mortality induced by turbulence were involved in the decrease in net growth rate and 
cellular abundances of another dinoflagellate, A. minutum (Berdalet et al. 2007, Bolli et 
al. 2007). This organism is a PSP toxin producer species that proliferates in coastal 
areas including the Mediterranean ones (Halim 1960, Delgado et al. 1990, Nezan et al. 
1989, Honsell et al. 1995, Vila et al. 2005). 
In our previous studies with A. minutum we had shown that turbulence generated by an 
orbital shaker resulted in low net growth rate, low cellular abundances, low toxin 
(GTX1+4, C1+2) content, increase in cell size and DNA concentration and inhibition of 
ecdysal cyst production (Berdalet et al. 2007, Bolli et al. 2007). The observed responses 
were detected after 1-2 days of exposure to turbulence and they suggested that 
turbulence could have very early effects on the cell. However, it was not possible to 
specify whether changes had occurred at the level of cell division or due to mortality, 
and which mechanism could operate first. 
In the present study we explored whether turbulence induced short-term changes in the 
cell cycle of A. minutum. Cultures were intensively sampled over a 24h period after two 
days of exposure to turbulent regime, and changes in DNA content of the cells 
population were examined using flow cytometry. Thereafter, DNA content was 
measured daily to track the possible cell cycle alterations over a long-term exposure to 
turbulence. Additionally, particle size spectra were characterized using Coulter Counter 
to obtain an indicator of morphological alterations and of cell mortality due to the 
exposure to turbulence. In particular, changes in the biovolume of broken thecae where 
used as an indirect and rather qualitative indication of cell death (see Methods). We 
based our approach on Knoechel and Kalff (1978) that estimated mortality rates in 
diatoms by counting the number of empty frustules, but we previously tested possible 
limitations before applying it (see Methods). Unfortunately, more recent approaches 
based on differential cell staining of live and death cells (Veldhuis et al. 1997, 2001, 
Jochem 1999, Garvey et al. 2007) did not provide consistent results to estimate 
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mortality in our preliminary tests with A. minutum. Experimental conditions and setup 
(including the orbital shaker) were analogous to those utilized in previous experiments 
(Berdalet 1992, Berdalet et al. 2007, Bolli et al. 2007), to allow direct comparison 
among studies. 
 
MATERIALS AND METHODS 
Cultures. The Alexandrium minutum clonal strain employed in this study was VGO 651, 
kindly provided by the Vigo Oceanographic Center (Spain). A non-axenic unialgal 
culture was maintained in exponential phase in L1 seawater enriched media (Guillard 
and Hargraves 1993) without silica addition.  Mediterranean Sea water was collected at 
5 m depth, adjusted to 31 psu by the addition of doubly-distilled water and autoclaved. 
Nutrient stocks were sterilized separately and added to the seawater under sterile 
conditions 24 h after autoclaving. Stock and experimental cultures were grown in a 
culture chamber at 20 ± 1º C on a 12:12 h light:dark (L:D) cycle (light period starting at 
17:00 h local time) and 110 μmol photon·m-2·s-1 irradiance provided by the combination 
of Gyrolux (58 W, Sylvania, Erlangen, Germany) and cool-white (58 W, Philips, 
Eindhoven, the Netherlands) fluorescent tubes (in a 1:1 proportion). 
Experimental. Four 4L Florence flasks (Pyrex spherical flasks with flat bottom) containing 
3L of medium were inoculated with the same initial cell concentration (334 ± 14 cell·mL-
1). On day 5 following inoculation, during the early exponential phase (as repeatedly tested 
previously), all cultures were kept at dark for 48 hours in order to synchronize the cultures 
with the diel cycle (Taroncher-Oldenburg et al. 1997, Figueroa et al. 2007). By this 
treatment, over 95% of the cells would be at G1 and cell division of most of them would 
occur synchronously with the diel cycle for at least three days. Until this moment, all 4 
experimental flasks had been subjected to the same conditions and they were considered 
as replicates. On day 7 at 0:00 h local time (corresponding to 7 hours after the lights 
onset and 5 hours before the dark period), just after sampling, two flasks (thereafter 
referred to as Turbulent) were randomly chosen to be subjected to continuous 
turbulence while two flasks were kept still as control (there after referred to as Still). 
Two days after the start of turbulence, on day 9, samples were taken at regular time 
intervals of 2 hours during 24 hours to test the early effect of turbulence on the cell 
Chapter 1 
28 
 
cycle by flow cytometric analysis. Thereafter, samplings were performed once per day 
until the end of the experiment to track the long-term effect of turbulence. Samples for 
cell counts, measurement of cell size and flow cytometric analysis were taken daily at 
0:00. We expected that at this time of the L:D cycle most population were in G1 
(Figueroa et al. 2007) unless modified by turbulence. To minimize disturbance of the 
Still flasks when sampling, they were carefully and gently swirled.  
Turbulence setup. Turbulence was generated by an orbital shaker operating at 120 rpm 
with a displacement of 30 mm. This corresponds to an average turbulent kinetic energy 
dissipation rate, ε, of 27 cm2·s-3 (2.7·10-3 Watt·Kg-1, Bolli et al. 2007). 
Measurements. Cell abundances (a daily sample from each experimental flask) were 
estimated by microscopy with Sedgewick-Rafter counting cell slides after fixation with 
Lugol´s iodine solution. A minimum of 400 cells were counted. Net exponential growth 
rates (µ, day-1, as defined by Guillard 1973), were calculated as the slope of the 
regression line of ln(N) versus time (t), where N was the estimated cell abundances by 
microscopic counting. 
Flow cytometric DNA analyses were performed following the method described by 
Figueroa et al. 2006 and 2007. From each experimental flask, a 45 mL sample taken in 
every sampling time was fixed in 1% paraformaldehyde for 10 min at room temperature 
and washed with pH 7 PBS (Sigma-Aldrich, USA, #P4417). After centrifugation (4500 
rpm, 20 min) the pellet was resuspended in 3 mL cold methanol and stored for 12 hours 
at 4º C to extract chlorophyll. Cells were washed twice in PBS and resuspended in 
staining solution (PBS, 3 µg·mL-1 propidium iodine and 1.1 µg·mL-1 RNAase) for at 
least 2 hours before analysis. We used a Becton and Dickinson FACScalibur bench 
machine with a laser emitting at 488 nm and detection of the propidium iodide 
fluorescence at 617 nm. Samples were run at low speed (approx. 18 µL·min-1) and data 
were acquired in linear and log mode until around 10000 events had been recorded. To 
each sample, 10 µl of a 106 particles·mL-1 solution of yellow-green 0.92 µm 
Polysciences latex beads were added as internal standard. ModFit LT (Verity software 
House, Topsham, ME, USA), a curve-fitting program commonly used for the treatment 
of dinoflagellate flow cytometry data (Taroncher-Oldenburg et al. 1997, Peperzak et al. 
1998, Pan and Cembella 1998, Yeung and Wong 2003, Figueroa et al. 2006, 2007) was 
used to determine the distribution of the DNA fluorescence of the population, 
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computing peaks, their ratios and coefficients of variation (CVs) of the histogram 
obtained in this way per each sample. To compare the trends of the different treatments 
concerning the cell cycle pattern, percentages of cells in G1, S and G2/M phases were 
adjusted to 5 degree polynomial curves. The duration of S and G2/M phases were 
estimated as a function of the respective adjusted curves peaks values and of the 
distance between them (Carpenter and Chang 1988). 
In vivo measurements of the population size spectrum were performed immediately 
after sampling using a Multisizer 3 Coulter Counter (Beckman Coulter, Fullerton, CA, 
USA). This instrument is provided with a 100 µm aperture tube, with an effective 
particle-size range of 2-60 µm (equivalent spherical diameter), and a 300 channel 
particle-size analyzer. The Coulter Counter measurements, in combination with 
microscopy observations, were used to identify cellular changes and to estimate cell 
mortality as follows. According to Figueroa et al. 2007, the common vegetative forms 
fall in the range of 13 to 25 µm in diameter. Microscopic observations, however, 
revealed that cells undergoing pre-mitosis and mitosis (G2/M, during the exponential 
phase of the cultures) cells from the stationary phase and aberrant forms (especially in 
the stationary phase of the turbulent treatment) were larger than 25 µm in diameter. In 
this range we did not expect contribution by cells originated after sexual fusion, because 
this species is heterothallic (not self-compatible, Figueroa et al. 2007) and because we 
used a clonal strain. This broad category of cells, hereafter refered to as "large cells" 
contributed to the 25.13 to 30.17 µm (equivalent spherical diameter) size range of the in 
vivo spectra identified by the Coulter Counter. Indeed, the abundance of large cells 
estimated by microscopy were significantly correlated with the particle numbers in the 
25.13-30.17 µm range measured by the Coulter Counter (r2 = 0.896; p = 0.001, n = 7; 
Fig. 1.1a). The changes over time in this large cells category allowed to confirm trends 
suggested by flow cytometry (e.g. increase in the G2/M fraction of the population) or by 
microscopy (e.g. increase in aberrant forms during the stationary phase), linked to the 
experimental treatments (see Results, Figure 1.4). 
To estimate cell mortality, we hypothesized that empty and broken thecae and 
fragments of cells would contribute to the particles estimated by the Coulter Counter in 
the size fraction smaller than 13 µm. Thus, a proxy for mortality would be the ratio 
between the volume of particles in the size range smaller than 13 µm (contributed 
mainly by thecae plus fragments) and the volume corresponding to vegetative cells 
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estimated in the 13 to 25 µm size range. This requires that, apart from mortality, there 
are not other mechanisms that naturally produce empty theca, such as ecdysis (the 
process linked to cyst production by which a cell sheds its theca and emerges as a non-
motile cell surrounded by a pellicle) or losses of the mother theca during mitosis. Unlike 
other dinoflagellates, A. minutum does not eliminate the theca when it divides (Figueroa 
et al. 2007), and the chosen VGO 651 clone has very low ecdysal cyst production (less 
than 6%, Llaveria, unpublished) under our culture conditions. To validate the 
estimations of the thecae abundances by the Coulter Counter, different samples 
collected along the experiment were stained with Calcofluor White M2R to visualize the 
thecae by microscopy (Fritz and Triemer 1985). A positive and significant relationship 
(r2 = 0.960; p = 0.000, n = 12) was obtained between the abundances of broken thecae 
estimated microscopically and the number of particles contributing to the 7 to 13.05 µm 
range estimated by the Coulter Counter (Fig. 1.1b). The number of particles in this size 
range could increase by the breakage of the empty theca into smaller pieces (especially 
in the turbulent treatment), and not only for an increase in the number of empty theca 
linked to cell death, while the volume would remain constant. Thus, biovolume was 
chosen as a more conservative estimation for mortality. The ratio (expressed in %) of 
the biovolume (µm3·L-1) of the 7-13 µm to the 13-25 µm size fraction was used as a 
proxy for mortality. 
Statistical analyses were performed using Systat 11 for PC (Systat Software Inc., Point 
Richmond, Ca, USA). Comparison of treatments over time for the different parameters 
was done using the non-parametric Kruskal-Wallis test (Motulsky 2003). Net growth 
rates were compared by testing for the heterogeneity of slopes (analysis of covariance). 
 
 
 
 Chapter 1 
 
31 
 
               
Fig. 1.1:  Comparisons between the estimations of the number of particles by Coulter Counter (y-axis) 
and microscopy counts (x-axis). a) Comparison of the particles contributing to the 25.13-30.17 µm size 
range estimated by the Coulter Counter and the abundance of large cells including pre-mitotic, mitotic 
and aberrant cells. b) Comparison of the number of particles contributing to the 7 to 13.05 µm size range 
estimated by Coulter Counter and abundances of broken thecae visualized by Calcofluor and microscopy. 
The regression lines obtained in each comparison and their degree of correlation is indicated inside each 
graph. 
 
RESULTS 
Development of the cultures. Although the 4 flasks were inoculated with the same cell 
concentration (334±14 cel·ml-1), at the end of the synchronization period on day 7, cell 
densities differed among them (range 500-2277 cells·mL-1, Fig. 1.2). By chance, the two 
flasks that had the lower cell numbers were the ones that had been labelled as Still at the 
beginning of the experiment. Although the 48 h dark period had some kind of negative 
effect on these two cultures (see later Mortality section), cell numbers recovered rapidly 
afterwards, indicating that the synchronization period did not drastically affect the 
capacity of the population to proliferate. 
The Still populations grew exponentially from days 8 to 12, were in a transition phase 
from days 12 to 17, and entered into the stationary phase thereafter. The Turbulent 
cultures ended the exponential phase on day 11, one day earlier than the Still ones, 
although the transition phase lasted also for 5 days, until day 16, when they entered into 
the stationary phase. The exponential net growth rate of the Turbulent cultures (0.52 ± 
0.06 day-1, r2 = 0.917) was significantly lower (p = 0.005, n = 18), being 75% of the 
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growth rate observed in Still cultures (0.69 ± 0.11 day-1, r2= 0.824). At the end of the 
experiment, from day 16 to 21, the final cell abundance of the Turbulent treatment 
(27852 ± 3461 cells·mL-1) was ca.  51% of the cell abundance in Still cultures (54333 ± 
14917 cells·mL-1) numbers (Mann-Whitney U test = 64.0; p = 0.001, n = 16). 
                
Fig. 1.2: Temporal changes in cell abundances in the two treatments Still and Turbulent estimated by 
microscopy. Data points and vertical bars are averages and standard deviations, respectively (n = 2). The 
shady area represents the synchronization period during days 5 to 7. "T" indicates the beginning of 
turbulence in the corresponding flasks on day 7. 
 
Short-term effects of turbulence on cell cycle. At the end of the synchronization period 
(on day 7) and at 0:00, the histograms of the DNA content of the 4 cultures (all them 
kept under the same still conditions until then) had well defined peaks with small 
coefficients of variation, ca. 5.6 ± 0.2% (average ± standard error of the mean, n = 4, 
not shown). All the cultures were well phased to the L:D cycle (Fig. 1.3a, c and e, data 
corresponding to day 7 at 0:00), because at that time of the day about a 95.2 ± 0.4% of 
the populations were in G1 phase, and a negligible fraction of cells were in G2/M. Thus, 
turbulence was applied to cultures with synchronized cell cycle. The synchronization 
remained in the Still cultures during the intensive 24 h sampling from days 9-10 (Figs. 
1.3b, d and f, Table 1.1). During this period, the percentage of cells in G1 increased 
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from 67% to 94%, between 10:30 and 22:00. The fraction of the population entering S 
phase increased from 2% to 16% from 19:30 (2.5 hours after the end of the dark period) 
to 7:30, considering two consecutive days. Finally, from 1:00 to 12:00 the percentage of 
cells in the G2/M phase increased by 29%. Under these conditions, the durations of the 
S and G2/M phases were 3h 20min and 5h 40min, respectively. 
At 0:00 on day 9, i.e. after two days under turbulence, the percentage of cells in G1 and 
G2/M were clearly lower and higher, respectively, than the corresponding numbers in 
the Still treatments (Figs. 1.3a, b, e and f). The intensive sampling during days 9-10 
showed that the cell cycle pattern observed in the Still treatments had been modified by 
two days exposure to turbulence (Fig. 1.3b, d and f). Under agitation, the adjusted 
curves that described the G1, S and G2/M phases had smaller amplitude than the ones 
corresponding to the Still cultures, and the peaks and valleys were smoothed. As 
specified in Table 1.1, the timing of the cell cycle phases with the L:D cycle in the 
shaken cultures changed compared to the Still ones. Further, the percentage of the 
population that entered the G1 and the S phases was lower in the Turbulent than in the 
Still conditions. However, cells with double DNA content (G2/M phase) were observed 
along the whole diel cycle in the Turbulent treatment, with a contribution of 9% to 24% 
of the population. Overall, the data indicate that under turbulence the G2/M phase 
extended along most part of diel cycle, without an arrest in any particular phase. In 
turbulent conditions, the estimated duration of S and G2/M phases were 2h 40min and 
9h 20min, respectively. Thus, at least after 48 hours of exposure to turbulence (on days 
9-10 of the experiment), the duration of the S phase was ca. 19% shorter and that of the 
G2/M was about 75% longer than the corresponding periods in the Still treatment. 
Long-term effects of turbulence in the cell cycle. 
Exponential phase. The flow cytometric measurements at 0:00 (obtained once per day 
until the end of the experiment, Figs. 1.3a, c and e) indicate that, in this period of the 
diel cycle and during the exponential phase (days 8-12, Fig. 1.2), most of the Still cells 
population (88-94%) were in G1 phase, while ca. 2-10% were in S and the 2-5% were in 
G2/M. In the Turbulent flasks, considering all the data corresponding to the exponential 
period (days 8-11, Fig. 1.2), the population in G1 was significantly lower (Fig. 1.3a, 
Table 1.1) and the cohort in G2/M was significantly higher (Fig. 1.3e, Table 1.1) than in 
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the Still ones. However, the two treatments did not significantly differ concerning the 
percentage of the population in S phase (Fig. 1.3c, Table 1.1). 
         
Fig. 1.3: Left panels: temporal changes at 0:00 in the percentage of cells in G1 (a), S (c) and G2/M (e) 
phases in the two treatments Still and Turbulent over the whole experiment. Right panels: percentage of 
cells in G1 (b), S (d) and G2/M (f) phases in the cultures exposed to these two treatments during a 24 
hours diel cell cycle, from day 9 to 10. Data points and vertical bars are averages and standard deviations, 
respectively (n = 2). In a), c) and e) the rectangles show the period of the intensive cell cycle study 
illustrated in b), d) and f). In b), d) and f) the shady areas represent the dark period during the diel cycle. 
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Adjusted curves are polynomial equations describing the G1 phase, with r2 = 0.950 and 0.829 for the Still 
and the Turbulent treatments, respectively; analogously for the description of the S (r2 = 0.809 and 0.507) 
and for the G2/M (r2 = 0.820 and 0.955) phases. 
    
SHORT-TERM EFFECTS ON CELL CYCLE 
 
Still G1 S G2/M 
% population 67-94 2-16 3-32 
Daytime 10:30-22:00 19:30-7:30 1:00-12:00 
Phase duration  3:20 5:40 
 
Turbulent    
% population 70-84 3-12 9-24 
Daytime 9:00-22:00 16:00-5:00 0:00-11:00 
Phase duration  2:40 9:20 
 
 
LONG-TERM EFFECTS ON CELL CYCLE 
 
Exponential phase G1 S G2/M 
Still            % population 88-94 2-10 2-5 
Turbulent   % population 78-85 4-12 9-17 
n = 18 U = 76.0, p = 0.001 U = 35.0, p = 0.657 U = 0.0, p = 0.000 
 
Transition phase    
Still            % population 95-99 ≤ 5 ≤ 5 
Turbulent   % population 87-96 ≤ 5 3-12 
n = 20 U = 84.0, p = 0.010 U = 45.0, p = 0.703 U = 13.0, p = 0.005 
 
Stationary phase    
Still            % population 95-99 ≤ 5 ≤ 1 
Turbulent   % population 95-99 ≤ 1 ≤ 5 
n = 8 U = 7, p = 0.773 U = 12.0, p = 0.248 U = 1.0, p = 0.038 
 
Table 1.1. Summary of the main characteristics of the G1, S and G2/M cell cycle phases during the 24 
hours intensive sampling and over the whole experiment. "% population" indicates the range of the 
population (in %) that contributed to each phase; "Daytime" refers to the period of the L:D (local time) 
cycle when a phase occur, and its duration (in hours) calculated following Carpenter and Chang 1988 is 
indicated in "Phase duration". In the case of the long term effects on cell cycle, it is also indicated the 
statistics corresponding to the comparison between Still and Turbulent treatments, where "n" indicates the 
total number of data that are considered, "U" is the value of the non-parametric Kruskal-Wallis test and 
"p" its degree of significance. 
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In parallel to these general trends during the exponential phase, the Turbulent treatments 
had a significantly higher (U = 9.0; p = 0.000, n = 14) presence of large cells, identified 
in the range of 25.13 to 30.17 µm (spherical equivalent diameter) of the size spectra 
estimated by Coulter Counter (Fig. 1.4). These large cell numbers correlated well (r2 = 
0.846; p = 0.000, n = 14) with biovolume calculations based on microscopy and the % 
of cells in G2/M (determined by flow cytometry). This suggested that the large cells 
estimated by the Coulter Counter during the exponential phase corresponded mainly to 
cells undergoing cell division. 
Transition and stationary phases. Along the transition and stationary phases (after days 
11 or 12, Fig. 1.2) and until the end of the experiment, the fraction of the population in 
G1 phase increased (up to 95-99%, Fig. 1.3a) and that in G2/M phase decreased (below 
the 5%, Fig. 1.3e) in the two treatments. The percentage of cells in G1 phase was 
significantly lower in the Turbulent cultures than in the Still ones, at least until day 17 
(transition period, Fig. 1.3a, Table 1.1) while the percentage of cells in G2/M were 
significantly higher in the Turbulent than in the Still treatments (Fig. 1.3e, Table 1.1). 
Concerning the populations in S phase, there were not significant differences between 
treatments. During the transition and stationary phases, large cells were also present in 
all flasks (Fig. 1.4). However, while the abundance of this size class remained relatively 
constant in the shaken treatment, it increased notably in the still one after day 14. 
Microscopic observations revealed that large cells were typical of stationary phase 
cultures, when they do not divide (Fig. 1.5). Towards the end of the experiment, 
anomalously swollen and bumped cells were also visualized (Fig. 1.5c). In the 
stationary phase there was no relationship between the abundance of large cells 
estimated by the Coulter Counter in the 25.13 - 30.17 µm size fractions and the % of 
cells in G2/M estimated by flow cytometry (r2 = 0.098). 
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Fig. 1.4: Temporal changes of the particle abundances estimated in the 25.13 to 30.17 µm size fraction by 
the Coulter Counter in the Still and Turbulent treatments. Data points and vertical bars are averages and 
standard deviations, respectively (n = 2). The shady area represents the synchronization period during 
days 5 to 7. "T" indicates the beginning of turbulence in the corresponding flasks on day 7. 
 
 
 
 
                     
 
 
Fig. 1.5: Alexandrium minutum cellular forms observed in the Still and the Turbulent treatments. a) Cell 
from Still conditions on day 10. b) Turbulent cell on day 10. c) Cell from Turbulent on day 15. 
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Mortality. Immediately after the synchronization process (day 7), the abundance of 
empty and/or broken thecae (7 to 13.05 µm size fraction) was relatively high, especially 
in the Still cultures (Fig. 1.6). This finding suggested that the synchronization procedure 
could have somehow affected the cellular viability in a part of the population. During 
the following days of the exponential phase, the proportion of thecae vs vegetative cells 
decreased markedly in both treatments and reached about a 4% on day 11. Thereafter, 
the contribution of this small size class in the Still flasks decreased slightly and 
stabilized around the 2% during the rest of the stationary phase. In the Turbulent 
treatment however, the contribution of the biovolume of broken cells and thecae 
increased significantly (U = 5.0; p = 0.000, n = 32) until the end of the experiment 
likely indicating some degree of cell mortality induced by shaking (Fig. 1.6). 
                
Fig. 1.6: Temporal changes in the percentage (%) of biovolume estimated in the 7-13.05 µm size fraction 
with respect to the 13.05 to 25.13 µm one estimated by Coulter Coulter in the Still and Turbulent 
treatments. Data points and vertical bars are averages and standard deviations, respectively (n = 2). The 
shady area represents the synchronization period during days 5 to 7. "T" indicates the beginning of 
turbulence in the corresponding flasks on day 7. 
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DISCUSSION 
The aim of this study was to evaluate whether turbulence caused mortality and/or 
alterations of the cell cycle, which could explain the decreased net growth rate and 
biomass observed previously in Alexandrium minutum (Berdalet et al. 2007, Bolli et al. 
2007) and in different dinoflagellate species subjected to agitation. The two mechanisms 
could operate simultaneously or separately, depending on different factors. In our 
present study, shaking for 48 hours during the exponential growth period changed both, 
the duration and the diel timing of the cell cycle phases. In particular, under turbulent 
conditions, the G2/M phase was longer, the S phase was shorter and with a smaller 
fraction of the cell population compared to still conditions. These responses could have 
caused the lower net growth rate observed under turbulence compared to still 
treatments. Mortality was not significant during this early phase of the agitation 
treatment. Nevertheless, when turbulence persisted for more than 4 days, mortality 
indicators appeared, coinciding with the entrance of the culture into the stationary 
phase. Thus, the lower population numbers obtained at the end of the experiment under 
turbulence would be caused by the combination of an initial alteration of the cell cycle 
and the subsequent mortality. 
The observed elongation of the G2/M phase and the high percentage of the population 
in this phase of the cell cycle during the 6 days following exposure to turbulence (Figs. 
1.3c and f), along with the increase of “large cells” proportion was interpreted as a 
transient  inhibition of division. This inhibition could have resulted in the slowdown of 
the division rate and in the up to 2 fold increase of the average cellular DNA content. 
This finding is consistent with the trends observed in our previous work on A. minutum 
where the low cellular abundances and net growth rates estimated in shaken cultures 
were accompanied by an average increase in the DNA content per cell up to 1.8 times 
the value in the still ones (Berdalet et al. 2007). The two studies can be directly 
compared because the same experimental setup and design were used. Altogether, our 
results on A. minutum agree with the lengthening of the G2 phase in Lingulodinium 
polyedrum exposed to the continuous low shear generated by a Couette system (Juhl 
and Latz 2002). However, we did not find the partial arrest in G1 observed by Juhl and 
Latz 2002 when this species was shaken for 1 to 4 hours at low shear stress and also by 
Yeung and Wong 2003 in Heterocapsa triquetra and Crypthecodinium cohnii exposed 
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to continuous orbital agitation. As often argued (Berdalet and Estrada 1993, Sullivan et 
al. 2003), the different results can arise from species-specific responses and from 
differences in experimental design and setup. Further differences in the methodological 
approach to estimate effects on the cell cycle can influence the observed responses. For 
instance, cell cycle synchronization was used by Yeung and Wong (2003) but not by 
Juhl and Latz (2002). Intensive sampling is necessary to adequately describe periodic 
events following the Nyquist-Shannon theory (Platt and Denman 1975). A detailed track 
of the short-term response to turbulence was performed in the experiments with A. 
minutum (every 2 hours over 24 hours of a light:dark cycle) and with C. cohnii (every 2 
hours over 12 hours). Nevertheless, L. polyedrum and H. triquetra were sampled only 
once every 12 or 24 hours. 
The elongation of the G2/M phase observed in A. minutum under turbulence can also 
support, or at least it does not  invalidate, the hypothesis that turbulence could produce 
an alteration of the microtubule assemblage during the dinomitosis hypothesized about 
20 years ago (Karentz 1987, Berdalet 1992). Mechanical agitation could activate the 
spindle assembly checkpoint (SAC, Rieder et al. 1995) and delay the completion of the 
cell cycle. For instance, in C. cohnii, nocodazole (Yeung et al. 2000), an anti- neoplastic 
agent which interferes with the polimeration of microtubules, induced the activation of 
the spindle checkpoint with the subsequent elongation of the G2/M. Sensitivity to 
mechanical stress is a general cell property (Ingber et al. 1994, Nicklas 1997 and 
references therein, Gillespie and Walker 2001). Mechanical forces can affect 
intracellular events directly through the cell surface and cytoskeleton. Unfortunately, the 
research at this small biological scale is a challenge. 
A loss of synchronization of the division process with the diel cycle was consequence of 
the elongation of G2/M phase. Ecologically, it has been argued that a diel phased 
division could reduce competition and could constitute a selective advantage in front of 
grazing pressure (Chisholm et al. 1978, Jansen et al. 2006). Physiologically, the control 
of division timing could help to maintain the order of basic cellular events. Clock-
coupled temporal ordering might be selected for stable, predictable environments, 
whereas less rigid cell cycle timing would thrive in environments where the population 
is subjected to widely varying conditions (Chisholm 1981). 
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In this study, mortality was approached by combining microscopy and Coulter Counter. 
The different observations provided a rather qualitative indication of mortality although 
no rates could be estimated. As already stated, for unknown reasons, cell viability 
methods (Veldhuis et al. 1997, 2001, Jochem 1999, Garvey et al. 2007) failed to 
differentiate live and dead cells of A. minutum under our experimental conditions in 
previous tests. Based on our qualitative and indirect approach, the obtained data suggest 
that cell mortality occurred after 4 days of shaking. Probably, although an elongation of 
the cell cycle could allow to repair potential alterations of the cell division caused by 
turbulence, the persistence of this stressor could have resulted in a permanent cell cycle 
arrest which in turn could have stimulated the cascade of regulated events that conduce 
to cell death (Franklin and Berges 2004). In this sense, turbulence could be considered 
as a signal inducing cell death (programmed or not), similarly to nutritional deprivation, 
drugs, inhibitors of signalling molecules, oxidative stress, heat shock, aging or 
differentiation and mutations in cell cycle regulating genes described essentially in 
multicellular organisms (reviewed in Debrabant et al. 2003). In dinoflagellates, 
depletion of dissolved CO2 has been reported to induce cell death in both natural and 
cultured populations of Peridinium gatunense (Vardi et al. 1999). Increasing our 
understanding on the pathways through which turbulence induces cell death can 
contribute to get insight into the mechanisms of programmed cell death in 
dinoflagellates, and in phytoplankton in general. 
The present study was addressed to investigate the physiological responses to an 
environmental factor. Often, in ecophysiological studies the experimental conditions are 
designed to show up underlying physiological mechanisms of responses, although these 
conditions cannot be directly compared to the natural ones. In this work, the 
experimental turbulent energy dissipation rate used was high although close to the range 
estimated during stormy turbulent events in the NW Mediterranean which last for about 
4-8 days (Guadayol and Peters 2006). This question was adequately exposed and 
discussed in our previous studies (Berdalet et al. 2007, Bolli et al. 2007). Interestingly, a 
modification of the cell cycle was evident after 24 hours under turbulence and it was 
tracked over the 2nd and 3rd day of exposure to shaking, while mortality appeared after 
more than 4 days under turbulence. Further physiological changes had been observed 
after 12 hours of shaking in Akashiwo sanguinea (Berdalet 1992), after 1-2 days in 
Prorocentrum triestinum and A. minutum (Berdalet et al. 2007), and after 4 days in A. 
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catenella (Bolli et al. 2007). Thus, the physiological responses to agitation occurred 
after a period of time compatible with the duration of natural stormy events. The longer 
exposure to turbulence allowed to track the magnitude of the physiologic responses but 
likely induced a mortality that would rarely occur under natural turbulence. Those 
results confirm the physiological sensitivity to natural high levels of turbulence of A. 
minutum and likely, other dinoflagellate species (at least those tested under similar 
experimental conditions). Sullivan et al. 2003, reported that high concentrations of 
Alexandrium catenella were found as a subsurface bloom in a narrow depth interval (ca. 
2m), where both current shear and turbulence intensity were at a minimum. Those 
organisms could detect changes in the small-scale hydrodynamics and thus modulate 
their migratory behaviour (Karp-Boss et al. 2000) to choose the best position in the 
water column compatible with their division and life cycle. An open field of research is 
to obtain simultaneous measurements of the hydrodynamics and the distribution of 
dinoflagellates at spatio-temporal scales compatible with their biological processes. 
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ABSTRACT 
Hydrodynamic forces can affect various aspects of the cell physiology. Among 
phytoplankton, dinoflagellates have shown particularly strong negative responses to 
mechanical stimulation, dinoflagellate proliferation being often favoured under high 
stability of the water column. Many dinoflagellate species slowed down their growth 
and/or some phases of the cell cycle, which has been related to an interference of the 
turbulence or shear stress with the cell division processes. It has been speculated, but 
not proved yet, that one particular step of the cell cycle, mitosis, could be the most 
sensitive to turbulence because microtubules making up the mitotic spindle are long 
polymers susceptible to shear stress. Thus, the objective of the present study was to 
investigate whether the interference of small-scale turbulence on the cell cycle 
progression in dinoflagellates could be linked to mitotic spindle alterations. To 
approach our aim, we first explored some available techniques to visualize microtubular 
systems and optimized them to be used on dinoflagellates. The protocols tested included 
Transmission Electron Microscopy (TEM), UV microscopy in combination with the 
differential staining with FLUTAX-1 and Confocal Fluorescent Laser Microscopy in 
combination with immunocytochemistry. The anti-tubulin monoclonal antibodies based 
technique proved to be the best method to visualize the microtubular systems, especially 
during cell division. This technique was applied in experiments addressed to test our 
hypothesis on species that had previously shown their sensitivity to turbulence. Under 
still conditions, the mitotic spindle was located extranuclearly surrounding the nucleus 
in Akashiwo sanguinea, crossing it in Prorocentrum micans and intranuclearly in 
Oxyrrhis marina, and turbulence did not clearly modify these trends. Thus, our results 
did not provide evidences to support the hypothesis that small-scale turbulence 
interferes with the mitotic spindle during the dinomitosis. Some alternative hypotheses 
also linked to the cytoskeleton dynamics in the cell are suggested. 
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INTRODUCTION 
Physical processes are relevant for the biology of plankton organisms. At different 
spatio-temporal scales, the fluid dynamics modulates nutrient and light availability, 
organisms interactions, communities structure and succession, with the subsequent 
ecological influences. At small-scale, aquatic microorganisms exhibit adaptative 
responses to flow, including changes in morphology, growth, metabolism and viability. 
A particular physiological sensitivity to small-scale turbulence has been observed in 
dinoflagellates. In this phytoplankton group small-scale turbulence may disturb life 
cycle and cell division processes although the involved mechanisms of interference are 
still not known.  
In the laboratory, a decrease of net population growth rates and cellular abundances has 
been described in dinoflagellate species exposed to small scale turbulence (Berdalet and 
Estrada 2005). These effects were related to cell cycle alterations in some 
dinoflagellates, as Lingulodinium polyedrum (Juhl and Latz 2002), Heterocapsa 
triquetra and Crypthecodinium cohnii (Yeung and Wong 2003), and Alexandrium 
minutum (Llaveria et al. 2009). Cellular division in dinoflagellates, named dinomitosis, 
is a complex process (Rizzo 1987, 1991) that is thought to be an evolutive intermediate 
between the “simple” cell division observed in prokaryotes and mitosis observed in 
most multicellular eukaryotes (Roos 1984, Alberts et al. 2002, Huitorel et al., in prep). 
In most dinoflagellates, chromosomes remain condensed and the nuclear envelope 
persists throughout the whole dinoflagellate cell cycle (Triemer and Fritz 1984). In 
many species, during dinomitosis chromosomes attach to an extranuclear spindle, 
constituted by cytoplasmic channels containing microtubules that cross the nucleus and 
drives their separation into the two daughter nuclei. This is a complicated process that 
could be disrupted somehow by turbulence, as hypothesized about 20 years ago by 
Karentz (1987) and Berdalet (1992). Turbulence could produce an alteration of the 
microtubule assemblage during dinomitosis, and thus the correct segregation of 
chromosomes into the daughter cells could be more difficult and take longer under 
shaking. This hereafter called "microtubule hypothesis" could explain the observed 
increase in cellular volume and DNA concentration without progressing through cell 
division (Berdalet 1992, Berdalet et al. 2007) and the high percentage of cells in an 
extended G2/M phase observed under agitation (Llaveria et al. 2009). As far as we 
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know, the “microtubule hypothesis” has not been approached yet. To test it was the 
objective of the present work, with the aim to shed light on the underlying mechanism 
responsible of the physiological alterations caused on dinoflagellates exposed to certain 
turbulent conditions. 
Looking at the effects of macroscopic scale events like turbulence, at microscopic and 
even molecular scales, is not easy. To test our hypothesis it was first necessary to 
establish the optimum methodological conditions for the detection and study of the 
microtubular structures in marine dinoflagellates. Microtubules are structural filaments 
spatially organized and extremely dynamic (Mitchison and Kirschner 1984). In the first 
part of this study, we describe the evaluation of different protocols based on electron 
microscopy, on the use of specific fluorochromes and on immunocytochemistry that we 
tested on dinoflagellate species that had shown their sensitivity to turbulence in 
preliminary experiments. Thereafter, the chosen and optimized immunocytochemical 
protocol was used to study eventual changes in the dinoflagellate microtubular system 
induced by small-scale turbulence. We used the same experimental design and 
turbulence generation device than in our previous studies to allow direct comparison 
among results (Berdalet et al. 2007, Bolli et al. 2007, Llaveria et al. 2009). 
 
MATERIALS AND METHODS  
Cultures. Different dinoflagellate species that had shown to respond negatively to 
experimentally generated turbulence, at least with lower cell abundances compared to 
still conditions, were chosen to test the different methodologies: Alexandrium catenella 
(natural sample; Bolli et al. 2007), A. minutum (VGO 651; Berdalet et al. 2007, Bolli et 
al. 2007, Chen et al. 1998, Llaveria et al. 2009), Akashiwo sanguinea (CCMP1321; 
Berdalet 1992, Thomas and Gibson 1992, Tynan 1993), Prorocentrum micans (natural 
sample; Berdalet and Estrada 1993), Karenia brevis (Wilson clone; Chapter 3 of the 
present thesis) and the heterotrophic Oxyrrhis marina (natural sample; Havskum 2003). 
Non-axenic unialgal cultures were maintained in exponential phase in f/2 seawater 
enriched media without silicate addition (Guillard 1975). Stock and experimental 
cultures were grown in a culture chamber at 20 ± 1º C on a 12:12 h light:dark (L:D) 
cycle and 100 μmol photon·m-2·s-1.  
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Part 1: Tests to establish the best methodology to visualize microtubules in 
dinoflagellates 
1.1) Microtubules observation by Transmission Electron Microscopy (TEM) 
We essentially followed the TEM protocol described by Soyer-Gobillard and Geraud 
(1992) that had been successfully used in other ultrastructural studies of dinoflagellates 
(e.g. Perret et al. 1993). This method was combined by the encapsulation of the cells in 
cellulose capillary tubes, a modification of Hernàndez-Mariné (1992) for isolated and 
swimming cells: 
1. - Collect cells (the highest cell concentration in e.g. 10 mL) by centrifugation of     
the culture at 200 g, 
2. - embed pellets in cellulose capillary tubes, 
3. - fix overnight with 2% paraformaldehyde and 1.25% glutaraldehyde in 0.2M 
PIPES buffer (pH 6.6),  
4. - rinse in 0.2M PIPES buffer (pH 6.4), 
5. - postfix 1 h in 2% OsO4 containing 1.6% K3Fe(CN)6, buffered in 0.2M PIPES 
(pH 6.4), 
6. - rinse in 0.2M PIPES buffer (pH 6.4), 
7. - dehydrate in 100% acetone, 
8. - embed in Spurr’s low viscosity resin. 
The chemical fixation may induce some artifacts that can be avoided by cryofixation. 
So, in addition, we tested whether cryofixation could provide a better preservation of 
the microtubular structures and adapted the previous procedure as follows: 
1. - Collect cells (the highest cell concentration in e.g. 10 mL) by centrifugation of     
the culture at 200 g, 
2. - embed pellets in cellulose capillary tubes, 
3. - fix overnight with 2% paraformaldehyde and 1.25% glutaraldehyde in 0.2M 
PIPES buffer (pH 6.6),  
4. - rinse in 0.2M PIPES buffer (pH 6.4), 
5. - cryoprotect in saccharose gradient (from 0.6M to 2.3M), 
6. - freeze in liquid nitrogen, 
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7. - cryosubstitute in 100% methanol containing 1% osmium at –90ºC, 
8. - increase temperature gradually to -30ºC and keep it for 2 h, 
9. - rinse in 100% methanol (3 times, 30 min), 
10. - embed in Spurr's low viscosity resin. 
 
Centrifugation (step 1) was conducted in our laboratory and the rest of the steps were 
carried out at the Scientific and Technical Services (SCT) of the Universitat de 
Barcelona. The cryosubstitution and ultrastructure observations were performed, 
respectively, with an EM-AFS system (from Leica) and the JEOL 1010 Transmission 
Electron Microscope. 
The different rinsing steps of this procedure usually involve important sample losses. To 
guarantee a sufficient number of cells at the end of the protocol, tests were performed 
on Alexandium minutum, a species that can reach relatively high cell concentrations in 
culture. Further, samples were concentrated around 100 times by combining reverse 
filtration and soft centrifugation (200 g), from 104 cells·mL-1 in the initial culture to 
2·106 cells·mL-1 in a final 10 mL volume at the beginning of the procedure (step 1). 
 
1.2) Microtubules observation by epifluorescence using FLUTAX-1 
FLUTAX-1, a synthetic derivative of Taxol® (Paclitaxel) binds microtubules 
specifically (Souto et al. 1995). Its molecular formula is C71H66N2O21, and the 
wavelength of excitation and emission maxima are, respectively, 495 nm and 520 nm. 
Cells stained with FLUTAX-1 show green fluorescence when observed under 
conventional epifluorescence microscopy. FLUTAX-1 has been used in the study of the 
cytoskeleton in mammalian cells (Evangelio et al. 1998) and cortical microtubules in 
freshwater ciliates (Arregui et al. 2002). In this kind of samples, 1 μM FLUTAX-1 was 
added directly to single cells, previously permeabilized during approximately 30 s with 
Triton X-100 in PHEM (60 mM PIPES, P1851, Sigma; 25 mM HEPES, H4034; 10 mM 
EGTA, E3889, Sigma, and 2 mM MgCl2, 5833, Merck). After a 10 min incubation in 
FLUTAX-1, cells were placed into a drop of antifading reagent (Citifluor Mounting 
Media, Cat. #19470, Pelco International Microscopy Mart, USA) and visualized under 
the epifluorescence microscope. This protocol however, had to be adapted to the 
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particular characteristics of our biological material (see Results). In particular, we tested 
its appropriate penetration through the dinoflagellates cell cortex, markedly different 
from the mammalian and ciliate membranes. Further, we verified that its fluorescent 
properties were not affected by the ionic strength of the seawater culture medium or by 
the fixatives, and the degree of stability of its fluorescence response as well.  
Our first adapted protocol had the following steps: 
1. - Collect the organism of interest by filtration of the culture at low pressure on a 
nucleopore polycarbonate black membrane filter (0.2 µm mesh, Whatman), 
2. - holding the filter in the filtration system, add Triton X-100 at 0.1% in PHEM 
to permeabilize cells,  
3. - eliminate the permeabilizing solution (by filtration) and add 0.2%        
glutaraldehyde to fix cells for 2 min, 
4. - rinse with sterile seawater to dilute and remove the excess of fixative, 
5. - add a drop of FLUTAX-1 (1µM in DMSO, D5879, Sigma), 
6. - after 10 min in the dark, place the filter in a slide and observe it under an 
epifluorescence microscope (e.g. Olympus BX40). 
We tested this protocol in Alexandrium catenella, a species that grows relatively well in 
culture. The initial tests with this protocol were not successful (see Results). Thus, to 
ensure the appropriate penetration of the fluorochrome into the cell, we eliminated the 
theca, or at least a part of it, as it has been used in cytologic studies on dinoflagellates 
(Perret et al. 1993). Thecal removal without affecting the rest of the cell integrity creates 
the so called "protoplast", the metabolically active part of the cell, constituted by the 
cytoplasmic content and surrounded by the cellular membrane. Two different methods 
to induce protoplasts formation were tested: one based on the use of specific enzymes 
and the other one on the osmotic force. 
 
1.2.1) Protoplasts formation by an enzymatic cocktail 
The elimination of the theca was approached using a 1.1M sorbitol (S375-5, Sigma) 
solution containing 1 µg·mL-1 pectinase (P4716, Sigma), 100µg·mL-1 lyticase (L4025, 
Sigma), and 100 µg·mL-1 sulfatase (S9754, Sigma), an enzymatic cocktail successfully 
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used to induce protoplast formation in dinoflagellates (Perret et al. 1993). Pectinases 
specifically break down pectin, a polysaccharide found in the plants cell walls that 
constitutes the matrix that embeds cell wall components, as cellulose fibrils. Lyticase is 
an endoglucanase and protease that hydrolyzes poly-β(1→3)-glucose such as in yeast 
cell wall glucan. Sulfatase hydrolyses the terminal sulphate on the unsaturated di- and 
oligosaccharides of the cell wall. This enzymatic cocktail was used in A. catenella cells, 
in substitution of the second step of the basic protocol, i.e. the permeabilization with the 
nonionic detergent Triton X-100. Immediately after the enzymatic cocktail addition, an 
aliquot was placed in the optical microscope and changes in the cellular morphology 
were controlled until most of the cells were transformed into protoplasts. 
 
1.2.2) Protoplasts formation by osmotic stress  
In parallel, we explored whether osmotic shock could also induce protoplast formation. 
A. catenella cultures were exposed to increasing proportions of deionized water as 
indicated in Table 1. Immediately after the exposure to each salt concentration, an 
aliquot was observed under the optical microscope to track the eventual changes in the 
cells (i.e. degree of integrity of the cell wall and cytoplasm, appropriate formation of 
protoplasts) over time caused by the different osmotic pressures.  
After the protoplast formation by both methodologies, we corroborated the correct 
protoplast formation by the subsequent cellulose staining with Calcofluor White M2R 
(Fritz and Triemer 1985), a chemical agent that binds specifically to cellulose. 
 
1.3) Microtubules labeling with specific antibodies 
Immunocytochemistry is a common practice in biology which uses antibodies that 
target particular peptides or protein antigens in the cell via specific epitopes. This study 
was performed at the Laboratoire de Biologie du Développement, UPMC/CNRS, 
(Observatoire Océanologique in Villefranche-sur-Mer, France) under Dr. Philippe 
Huitorel supervision. The method is based on the use of an unconjugated primary 
antibody that reacts with the antigen (i.e. tubulin), and a secondary antibody, conjugated 
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with the fluorochrome, to recognize the primary one. This procedure is more sensitive 
than the direct technique (based on the use of a single antibody) as several secondary 
antibodies can react with the primary one, which leads to more fluorochrome 
attachment at the site of the antigen. Tubulin was chosen as the target protein because it 
had been identified as an important constituent of the microtubular system (Brown et al. 
1976, Kato et al. 2000, Perret et al. 1993). 
Two monoclonal primary antibodies, anti-α-tubulin DM1A (Blose et al., 1984) and 
anti-β-tubulin D66 (Audebert et al., 1999), that label several types of microtubules in 
many species, were tested in Akashiwo sanguinea, Prorocentrum micans and 
Alexandrium minutum to choose the best marker of the microtubular system. The 
following protocol, adapted from Kato et al. (2000), was used for microtubule 
localization: 
1. - Centrifuge the dinoflagellate culture sample at 800 g to concentrate the cells, 
2. - place the concentrated sample on 0.5% polylysine coated cover slips, 
3. - fix with 4% formaldehyde in seawater for 4 min, 
4. - permeabilize by adding an equal volume of Tris Buffer Saline solution (TBS, 
20 mM Tris, 0.3 M NaCl, pH 7.6) and 1% Triton X-100,  
5. - rinse two times with TBS containing 0.1% Triton X-100, 
6. - incubate with the primary antibody (DM1A: T9026, Sigma; D66: gift of Dr. 
C. Gagnon, Mc Gill University) at room temperature for 30 min, 
7. - rinse with TBS, 0.1% Triton X-100, 
8. - incubate with the secondary antibody (Rhodamine (TRITC)-conjugated 
donkey anti-mouse, 715-025-151, Jackson Immunoresearch Europe) at room 
temperature for 30 min, 
9. - rinse with TBS, 0.1% Triton X-100, 
10. - incubate with Hoechst 33258 (#861405, Sigma) for 2 min, 
11. - mount the preparation on slide in antibleach mounting medium (0.1% p-
phenylenediamine, in 20mM Tris, pH 8, 90% glycerol). 
Rhodamine, the fluorochrome used to detect the tubulin molecules, has the wavelength 
excitation and emission maximum at 557 nm and 580 nm respectively, so it fluoresces 
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red. Hoechst 33258 binds specifically to DNA and shows blue fluorescence (at 460 nm) 
when it is excited by UV light (at 350 nm). 
Confocal Fluorescent Laser Microscopy is an optical imaging technique used to 
increase the resolution of the images compared to an ordinary optical microscope, using 
a spatial pinhole to eliminate out-of-focus light. Confocal microscopy images were 
acquired with an inverted Leica TCS SP2 Laser Scanning, at the Observatoire 
Océanologique in Villefranche-sur-Mer, and a Leica TCS SP5 at the Centre de 
Regulació Genòmica (CRG) in Barcelona. Images were processed using Leica Confocal 
and Image-j softwares. K. brevis samples were analyzed by Stimulated Emission 
Depletion (STED) microscopy, Leica, a new superresolution technique that reduces the 
size of the excited region and improves the resolution compared to more standard 
confocal microscopes (Simpson 2006). 
 
Part 2: Study of the effect of turbulence on the mitotic spindle organization 
Experimental. Four 4L Florence flasks (Pyrex spherical flasks with flat bottom) containing 
3L of medium were inoculated with the same initial cell concentration (for each particular 
species). Two days after inoculation, during the exponential phase, two flasks were 
randomly chosen to be subjected to continuous turbulence (referred to as Turbulent) 
while two flasks were kept still as control (referred to as Still). Turbulence was 
generated by an orbital shaker operating at 120 rpm with a displacement of 30 mm. This 
corresponds to an average turbulent kinetic energy dissipation rate (ε) of 27 cm2·s-3 
(2.7·10-3 Watt·Kg-1, Bolli et al. 2007). 
Two days after turbulence started, 30-50 mL samples were taken from both treatments 
(Still and Turbulent) in the middle of the dark period, when the percentage of cells in 
dinomitosis was the highest (Llaveria et al. 2009). Because the cells were not evenly 
distributed inside the experimental flasks, they were gently and carefully swirled to 
obtain a representative sample. Immediately, samples were maintained in the dark, 
centrifuged and processed following the specific labeling with antibodies (protocol 1.3, 
part 1) to visualize microtubules.  
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RESULTS  
Part 1: Tests to establish the best methodology to visualize microtubules in 
dinoflagellates 
1.1) Microtubules observation by TEM 
Although the TEM methodology allowed the observation of some dinoflagellate 
ultrastructural characteristics, we encountered some problems. Sample concentration to 
obtain high cell numbers (> 2·106 cells·mL-1) likely induced ecdysis in A. minutum. 
Ecdysis and fixation were responsible of the observed modifications of their typical 
vegetative cell morphology (Fig. 2.1a), i.e. cingulum displacement, breakage and loss of 
the theca. In addition, ecdysis could have been probably accompanied by other 
structural changes that could have affected the microtubular structures of the mitotic 
spindle. In spite of the high number of cells available at the beginning of the protocol, 
just a few cells were found at the end. 
In spite of these limitations, some internal structures were visualized in A. minutum 
using TEM. A big U-shaped nucleus containing condensed and well-defined 
chromosomes was located in the center of the cells (Fig. 2.1a) and a sort of membranes-
like structures containing calibrated tubes appeared near the nucleus (Fig. 2.1b). These 
structures could constitute cytoplasmatic channels containing microtubules although no 
distinct points of contact between these structures and the nuclear membrane were seen. 
Unfortunately, the adequate interpretation of the three-dimensional structures by TEM 
is difficult, can not be from a single cell section but from a series of them.  
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Figure 2.1: Alexandrium minutum. a) Longitudinal section through a whole cell. Some thecal plates 
disappeared, others were broken or detached from the cellular membrane. A prominent U-shaped nucleus 
with condensed chromosomes is located near the cell center. b) Magnification of the square region, 
located near the cingulum and the nucleus. Arrows: Sort of membranes containing calibrated tubes, 
probably microtubules.  
 
1.2) Microtubules observation by epifluorescence using FLUTAX-1 
The application of the original methodology on dinoflagellates did not provide the 
appropriate visualization of the microtubules (not shown) as expected from the images 
obtained in mammalian cells and ciliates (Evangelio et al. 1998, Arregui et al. 2002). A. 
catenella microtubular systems were not labelled by FLUTAX-1. Given that this 
compound is a high molecular weight molecule we considered that its diffusion through 
the dinoflagellate cell wall and membrane was difficult. Accordingly, we explored the 
previous permeabilization of the cells in order to allow FLUTAX-1 penetration and to 
favour its binding to the microtubules. We approached it by inducing protoplast 
formation. 
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1.2.1) Protoplasts formation by an enzymatic cocktail  
The theca elimination with the lyticase, sulfatase and pectinase enzymes combination 
adequately removed the theca well (not shown) as corroborated by Calcofluor staining. 
Unfortunately, this process was too long as protoplast formation required a minimum of 
30 minutes incubation, considering the natural microtubules lability together with the 
fact than the cells were not previously fixed. The enzymatic reaction could be speeded 
up by a temperature increase, but this was never tested because alterations in 
dinoflagellate cytology were expected. 
 
1.2.2) Protoplasts formation by osmotic stress 
As was corroborated by Calcofluor staining, the elimination of the theca through 
osmotic shock was effective in A. catenella when the proportion of distilled water added 
to the cultures was higher than 50% (Table 2.1, Fig. 2.2). The cell membrane and 
cytoplasm integrity was maintained when seawater proportion was around 40%, which 
produced the highest protoplasts numbers (Table 2.1, Fig. 2.2). Under these conditions, 
approximately an 80 % of the cells were in protoplast form after 30-45 minutes. 
 
Water proportion 
Deionized water Seawater Effect on the cells 
0% 100% Negative control, healthy cells with intact theca. 
50% 50% Damaged thecae were not detected. 
60% 40% Most of the cells were in protoplast form. 
100% 0% Cells bursted and the cellular content was released. 
Table 2.1: Effects of different salt concentrations on Alexandrium catenella cells. 
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Figure 2.2: A. catenella cellular morphology in different salt concentrations. Scale bar: 20 μm. Images 
taken with a white light Olympus BX40 microscope. a) 50% seawater. b) 40% seawater. c) 0% seawater.   
 
Our results suggested that it was reliable to obtain protoplasts by the two tested 
approaches (enzymatic cocktail and osmotic stress). However, the two methods were 
too slow: at least 30 minutes incubations were required, while cells were not fixed and 
the microtubular systems were probably changing. Given that osmotic shock was easier 
and cheaper to perform, we used this approach to visualize the mitotic spindle with 
FLUTAX-1 (part 1.2). Unfortunately, two new limitations appeared. First, FLUTAX-1 
fluorescence was very weak and ephemeral. Second, FLUTAX-1 emission was masked 
by the autofluorescence of dinoflagellates, mainly due to chlorophyll.  The red 
chlorophyll fluorescence disguised the yellow FLUTAX-1 signal. The limited 
fluorescence response made very difficult the study of the microtubular structures, and 
thus, FLUTAX-1 was not retained for further studies. 
 
1.3) Microtubules labeling with specific antibodies  
Inmunocytochemistry provided the best observation of the mitotic spindle compared to 
the other tested methodologies. Its combination with Confocal Laser Microscopy 
allowed the reliable visualization of the three-dimensional microtubular organization. 
The two primary anti-tubulin antibodies tested labelled equally well the mitotic spindle 
but they showed different affinities for the other kind of microtubules: D66 preferably 
stained flagella (Fig. 2.3a) and DM1A nicely labeled cortical and flagellar microtubules 
(Fig. 2.3b). The different affinities could be related to different accessibility to tubulin 
in the microtubular systems due, for instance, to the presence of specific associated 
proteins, the so called “Microtubule Associated Proteins”, MAP. MAP (e.g. dynein 
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arms in flagella) are responsible of conferring different functions to the tubulin 
composed organelles (flagella, cortex or mitotic spindle) and may mask specifically 
some tubulin epitopes. Differences in affinity linked to differences in microtubule 
composition are not likely expected, because the 1:1 alpha:beta heterodimer is the 
common building block unit in all microtubules. DM1A primary antibody showed a 
more indiscriminate microtubule labeling, so, it was chosen for the second part of our 
study (Figs. 2.3b-i for A. sanguinea and Figs. 2.4-2.7 for the other species).  
 
Part 2: Study of the effect of turbulence on the mitotic spindle organization 
General observations 
Three major microtubular systems could be distinguished in the studied dinoflagellates : 
i) the “mitotic” microtubules (nuclear or cytoplasmic depending on the species) that 
constitute the mitotic spindle (e.g. Fig. 2.4b), ii) the cortical microtubules (e.g. Fig. 
2.5a), composed of bundles of several parallel microtubules (Dodge and Crawford 
1971, Roberts et al. 1993), iii) and the flagellar apparatus (e.g. Figs. 2.3b and c), made 
of one transversal and one longitudinal flagella attached to basal bodies. In all the 
studied species, flagellar basal bodies were more often observed than flagella, probably 
because of the breakage of the organelle during the sample manipulation (pippeting, 
centrifugation, …). Sometimes, detached flagella were seen away from cell bodies. The 
cortical system was usually visualized only in naked species and its structures seemed 
well preserved after the standardized protocol. 
The mitotic spindle was the most difficult microtubule system to be observed. It was 
mandatory to deal with well grown cultures and to sample during the dark period, when 
the number of mitotic cells was the highest. However, the percentage of cells in division 
was always relatively low (5-10%), as expected in non-synchronous cell populations 
(where mitosis last for about 1h in a 24h cell cycle). Based on previous studies 
concerning the cell cycle, samplings were performed at dark, at the particular time of 
the diel cycle where maximum cells in mitosis could be expected. It was possible to 
identify the cell cycle or even the mitotic phases of the observed cells, as they are well 
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characterized by the dynamic and dramatic changes that the nucleus and these 
microtubular systems undergo during cell division (Kato et al. 2000).  
In the following, unless otherwise indicated, all images shown in Figs. 2.3-2.7 were 
obtained by Confocal Fluorescent Laser Microscopy. This means that only chosen 
optical sections, at a given focus within the cell, are shown. Series of such sections 
throughout the specimen were taken, that could be used by the appropriate software to 
rebuilt 3D reconstructions. 
 
Akashiwo sanguinea 
Still conditions: This is a naked and relatively big species, and these characteristics 
facilitated the observation of the different microtubular systems and of the mitotic 
spindle in particular. As expected, the transversal (Figs. 2.3a and c) and longitudinal 
(Fig. 2.3b) flagella showed different morphologies: while the transversal flagellum was 
undulated and it appeared rough, the longitudinal one was lineal and thinner. During the 
interphase, the microtubules of the cortical system ran parallel to the long axis of the 
cell (Fig. 2.3b), even inside the cingulum (Fig. 2.3c). The nucleus was round and, 
unexpectedly, the chromatin was mostly uncondensed or partially uncondensed, either 
both in interphase or mitosis (Fig. 2.3d). Mitotic microtubules were absent in interphase 
cells (Fig. 2.3d, right) but present close to the nucleus in the mitotic ones (Fig. 2.3d, 
left). The mitotic spindle was observed around the nucleus on the cytoplasmic side of 
the nuclear envelope (Figs. 2.3d-f) but never inside it. Later during the mitotic process, 
when the nucleus was bigger and flattened, microtubules were only detected in certain 
zones around the nucleus, possibly on one side (Fig. 2.3f). Then, the cortical system 
duplicated and two daughter cells began to be formed (Fig. 2.3g). The interconnection 
between the different microtubular systems was clearly observed in some mitotic cells 
(Fig. 2.3h). Taken together, our results show that in A. sanguinea the mitotic spindle is 
cytoplasmic, and no intranuclear channels are observed. 
Turbulent conditions: Similar structures, including the ones concerning the mitotic 
spindle, as those described under Still conditions, were observed under turbulent 
conditions (Fig. 2.3i).  
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Figure 2.3: Microtubular systems in A. sanguinea. Red: tubulin; blue: DNA. Scale bars: 10 μm.. Images 
taken with an inverted Confocal Fluorescent Laser Microscope (Leica). General considerations: a)  D66 
monoclonal antibody staining. b) to i) Labeling with DM1A monoclonal antibody. g) and f) Images from 
different sections of the same microscopic confocal series. a) to h) Cells from Still conditions. i) Cells 
from Turbulent conditions. 
a) Visualization of cortical and flagellar microtubules. The arrow indicates the brightly stained transversal 
flagellum, whereas the cortical network is poorly labelled. b) Cortical and flagellar microtubules. The 
arrow indicates the longitudinal flagellum. Images a) and b) were obtained under identical conditions 
(using the same visualization settings). c) Cortical microtubules in a longitudinal section of an interphase 
cell. d) Longitudinal section across an interphase (right) and a mitotic (left) cell. The arrow indicates the 
nuclear microtubules. e) Dividing nucleus partially surrounded by mitotic microtubules; a displacement of 
the hypocone allows the subsequent nucleus elongation. f) Nuclear microtubules run along the elongated 
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nucleus, which takes a dumbbell shape in an ana-telophase cell. g) Longitudinal section, tangential to the 
periphery of the cell, showing cortical microtubules. The arrow indicates the discontinuity in the 
microtubular bundles corresponding to the duplication of the cortical network. h) Bottom view showing 
the relationship between the nuclear and the cortical microtubules. i) Dividing cell from Turbulent 
population.  
 
Prorocentrum micans 
 
Still conditions: The cortical microtubular system was poorly detected in this species 
(Figs. 2.4a-e). This was not due to a deficient penetration of the antibody through the 
theca, given that the intranuclear microtubules were nicely visualized (Figs. 2.4b-e). 
Cortical microtubules could be scarce or absent as the theca already acts as an 
exoskeleton and confers the shape and rigidity to the cell. The nucleus was markedly U-
shaped and chromosomes seemed to be always condensed. In the earlier phases of cell 
division, the mitotic spindle appeared surrounding the nucleus (Figs. 2.4a and b) and 
traversed it presumably through cytoplasmic channels (Figs. 2.4c and d).  Mitotic 
microtubules seemed to be distributed in bundles. The microtubule-organizing centre 
(MTOC) appeared external to the nucleus, at the flagellar base (Fig. 2.4d), and it was 
likely constituted by basal bodies. 
Turbulent conditions: Modifications on the mitotic spindle structure caused by 
turbulence were not found. Analogous structures as those described in cells on Still 
conditions were observed in cells from the Turbulent treatment (Fig. 2.4e). The 
organization and thickness of the bundles of microtubules that constitute the mitotic 
spindle seemed identical to those detected on Still cultures. 
 
Karenia brevis 
Still conditions: K. brevis cultures did not grow very well in our laboratory. The clone 
used in this work (Wilson, kindly provided by Dr. Francis van Dolah, NOAA, USA) 
was isolated in the Gulf of Mexico. Likely, the Mediterranean water used in the f/2 
enriched culture medium did not satisfy its physiological requirements. Moreover, 
cellular morphology was usually not well preserved at the end of the protocol. 
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Figure 2.4: Organization of microtubular systems in P. micans. Red: tubulin; blue: DNA. Scale bars: 10 
μm. Images taken with an inverted Confocal Fluorescent Laser Microscope (Leica). a) Lateral view of a 
mitotic cell. Nuclear microtubules surrounding the nucleus. b) Frontal view of a mitotic cell. Nuclear 
microtubules seemed organized as bundles, crossing U-shaped nucleus through cytoplasmic channels. c) 
Advanced phase of cell division. The typical U-shape of the nucleus seemed to be altered, progressively 
splitted in two blocks. d) Microtubule organization in an ana-telophase cell. The two future cells are 
almost separated, like siamois individuals, cleavage taking place in the center, close to the flagellar base. 
Arrow indicates the likely MTOC. e) Mitotic cell from Turbulent treatment.  
 
For these reasons, this species was soon discarded to approach our study on the effects 
of turbulence on the microtubular assemblage. However, the first trials allowed the 
observation of the microtubular systems in K. brevis. Cortical microtubules ran in 
parallel to the longitudinal axis of the cell (Fig. 2.5a). The mitotic spindle appeared 
crossing the nucleus through channels as in P. micans (Fig. 2.5b). Chromatin presented 
a semicondensed structure, likely thicker in the vicinities of the nuclear membrane. 
Turbulent conditions: Similar trends in the cortical and mitotic spindle were observed 
under turbulence (not shown) as those described above. The arrangement and thickness 
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of the bundles of microtubules that composed the mitotic spindle seemed identical to 
those that were visualized in Still cultures. 
 
        
a b
 
Figure 2.5: Organization of microtubular systems in K. brevis. Red: tubulin; blue: DNA. Scale bars: 10 
μm. Images taken with STED methodology (Leica). a) Cortical microtubules ran parallel to the long axis 
of the cell. b) Mitotic cell. Nuclear microtubules were organized in bundles and passed crossed the 
nucleus through channels.  
 
Alexandrium minutum 
The small cell size of this species made difficult the observation of the structures. 
Moreover, A. minutum has very high natural autofluorescence associated to the 
photosynthetic pigments (Fig. 2.6a). We note here that in the other studied species 
autofluorescence was weak and the rinsing steps during the immunocytochemical 
procedure mostly eliminated pigments. However, for A. minutum it was necessary to 
perform additional rinses in ethanol, methanol or acetone after permeabilization of the 
cells (between steps 4 and 5 of the basic protocol). Still, the remaining chlorophyll was 
too high, thus causing a poor visualization of the cortical microtubular system (Fig. 
2.6b). In consequence, the experiments to test the "microtubule hypothesis" could not be 
performed in this species. 
 
Chapter 2 
64 
 
        
a b
 
Figure 2.6: A. minutum. Red: tubulin and autofluorescence; blue: DNA. Scale bars: 10 μm. Images taken 
in a conventional epifluorescence microscope. a) Mitotic cell with cytoplasmatic coloration due to 
pigments autofluorescence. b) Possible cortical microtubules.  
 
Oxyrrhis marina 
During the first assays, the heterotrophic O. marina was fed on Rhodomonas sp. These 
microalgae caused high fluorescence background associated to its photosynthetic 
pigments and its own nucleus staining (Fig. 2.7a). Then, the prey was replaced by 
baker’s yeast, but O. marina net growth rates were lower than when fed on 
Rhodomonas sp. Finally, the two food sources were combined: the mother culture fed 
on the small algae while yeast was added in the experimental flask at the beginning of 
the turbulence tests.  
 
Still conditions: In this species, it was possible to visualize the cortical (Fig. 2.7b), 
flagellar (Figs. 2.7b-c) and intranuclear (Figs. 2.7d-f) systems. During division, the 
entire mitotic spindle was intranuclear. In late anaphase (Fig. 2.7e), it had a radial 
distribution towards the centre of the nucleus which adopted a dumbbell shape. 
Microtubules responsible for chromosomes segregation could be also observed at the 
end of mitosis, prior to cytokinesis, when the microtubular cortical system duplication 
was still taking place (Fig. 2.7f).  
Turbulent conditions: Similar structures as those described above were observed. 
Mitotic spindle alterations were not detected on cells of the Turbulent treatment 
compared to those of the Still cultures (not shown).  
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Figure 2.7: Organization of microtubular systems in O. marina. Red: tubulin; blue: DNA. Images taken 
with an inverted Confocal Fluorescent Laser Microscope (Leica). a) Interphase cell fed on Rhodomonas 
sp. Blue stained dots correspond to Rhodomonas sp. nuclei. b) Cortical system in a late anaphase cell. c) 
Id. in a telophase cell. Flagella can be also distinguished. d) Intranuclear microtubules and chromosomes 
organization during early anaphase. e) Id. during the late anaphase cell illustrated in b). f) Id. in the 
telophase cell beginning cytokinesis illustrated in c).  
 
DISCUSSION  
The aim of this study was to investigate whether small-scale turbulence caused 
alterations in the ultrastructure of the mitotic spindle, which could explain the blockage 
of the cell division described in some dinoflagellates under experimental turbulent 
conditions. Various techniques were explored and optimized as possible to visualize 
microtubules in naked and thecate marine dinoflagellates. In general, 
immunocytochemistry combined with Confocal Laser Microscopy provided the best 
images. Different kinds of nuclear microtubular structures, both extra and intranuclear, 
were noticed over the tested dinoflagellate species. Our results did not provide 
evidences that turbulence could differentially affect the three-dimensional ultrastructure 
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of the nuclear microtubules. We cannot discard however, that methodological 
limitations affected somehow our findings.  
The different procedures tested in the present work had provided relevant information 
concerning the cytological ultrastructure of different organisms including 
dinoflagellates (e.g. Perret et al. 1993, Soyer et al. 1982, Soyer-Gobillard and Geraud 
1992, Spector 1984, Truby 1998). Indeed, such ultrastructural information had inspired 
the “microtubule hypothesis” to be tested here. Unfortunately, it was not possible to use 
TEM or FLUTAX-1 based protocols for our purpose. Likely, the fragile nature of the 
mitotic spindle along with its short “life-time” were not compatible with the cells 
manipulation (in particular, cell concentration induced ecdysis) required by the TEM 
procedures. In addition, this expensive and time-consuming method was not suitable for 
routine analyses as it was necessary to perform here. Faint and ephemeral fluorescence 
and interference with chlorophyll were the main limitations in the case of FLUTAX-1. 
Likewise, the application of immunocytochemistry to the study of dinomitosis had its 
particular difficulties. In this protocol, the successive rinsing steps implied important 
cell losses and often the final concentration was still too low. Furthermore, the 
percentage of mitotic cells was also too small and thus hindered the systematic 
comparison of the different mitotic phases in the two treatments, Still and Turbulent. 
Synchronization of the cultures with the light:dark period could have increased the 
percentage of cells undergoing mitosis during a short time window in the diel cycle. 
However, synchronization, which is reached through exposure to darkness for 48-72 
hours (Taroncher-Oldenburg et al. 1997, Figueroa et al. 2007), induced cell death in 
previous studies (Franklin and Berges 2004, Llaveria et al. 2009). Thus, it was 
discarded in our present work. 
With immunocytochemistry we could observe interesting aspects of dinomitosis and 
microtubular systems in dinoflagellates. The cytoskeletal microtubular system appears 
to be genus-specific (Brown et al. 1988). As expected, cortical microtubules do not 
depolymerize during mitosis (Perret et al. 1993), when the mitotic microtubular spindle 
appears in any studied species. Cortical system was is duplicated, together with the 
flagellar apparatus, during the early steps of mitosis, to elaborate the two cortical sets of 
microtubules of the future daughter cells, as described by Bouck and Ngô (1996) and 
Kato et al. (2000). A variety of cortical systems was detected among the studied species. 
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In the thecate dinoflagellates Prorocentrum micans and Alexandrium minutum such 
microtubular system was not clearly visualized, suggesting that such a cortical system 
either does not exists or is not developed in thecated species of dinoflagellates, while 
the naked species Akashiwo sanguinea, Karenia brevis and Oxyrrhis marina presented a 
complex and well developed cortical system. As the antibodies clearly penetrated the 
cell and stained internal microtubule, it can be stated that the thecate dinoflagellates lack 
the cortical microtubule. This finding supports the hypothesis that this system would not 
be necessary in thecate cells, where theca confers shape and protection to the cellular 
protoplasm. Besides it, a different protein composition of the cortical system in thecate 
and naked flagellates cannot be ruled out. The poor affinity of the monoclonal antibody 
D66 to the cortical system compared to that for flagella and nuclear microtubules could 
be indicating the presence of different “Microtubule Associated Proteins” (MAP, see 
Results, section 1.3). In any case, whenever a cortical network of microtubule was 
visualized, it was present at all steps of mitosis observed. Our results confirm that this 
system is duplicated during the early steps of mitosis in a way very similar to the 
duplication of cortical microtubules trypanosomes (Sherwin and Gull 1989). 
Concerning the mitotic microtubules they appeared organized in bundles, crossing the 
nucleus through channels in P. micans and K. brevis, as previously described by Oakley 
& Dodge (1974) in Amphidium sp. and by Soyer (1977, from Perret et al. 1993) in P. 
micans, which to our knowledge, is a new result for K. brevis. Radial microtubular 
organization was observed in Oxyrrhis marina, and mitotic spindle was intranuclear, as 
previously described in this species by Kato et al. (2000). In contrast, a different kind of 
dinomitosis was detected in Akashiwo sanguinea, where the mitotic spindle was 
apposed along the nuclear envelope and never penetrated the nucleus, which to our 
knowledge, is a new result for this species. Along with this diversity of mitotic spindle 
structure over species, a gradient in the degree of chromatin condensation was observed: 
from P. micans, showing permanently condensed chromosomes along the cell cycle 
whithin a U-shaped nucleus (Cachon et al. 1989), to A. sanguinea, where chromatin 
seemed relatively more relaxed during mitosis either interphase, O. marina being an 
intermediate case between these two. 
In the second part of this study, modifications in the structure of the mitotic spindle 
induced by turbulence were not detected. A priori, the "microtubule hypothesis" does 
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not seem to be supported by our experiments. However, it must be recognized that 
besides the performed efforts, a systematic comparison between still and turbulent 
conditions covering all phases of the cell division and cycle could not be conducted. 
While no additional experiments are done to discard this hypothesis we can also suggest 
alternatives to explain the transitory arrest in G2/Mitosis phase described under 
turbulence in some dinoflagellates (Berdalet 1992, Juhl and Latz 2002, Llaveria et al. 
2009). This response could be linked not to structural alterations in the microtubular 
system (as postulated by the "microtubule hypothesis") but to a decrease in the 
microtubule elongation rate. In cultured interphase fibroblast, the microtubule 
elongation rate has been estimated as ~0.06 microns·s-1 (Schulze and Kirschner 1986) 
and the turnover time for the entire microtubular apparatus as ~900 s (0.25 hour). 
Microtubules turn over rapidly and turbulence could interfere in this dynamic instability 
at molecular level.  
Another hypothesis, compatible with the previous one, could be that turbulence induced 
an erroneous attachment of the chromosomes to the microtubules responsible of their 
segregation. In eukaryotic organisms, the mechanical attachment of the chromosome 
kinetochore (the attachment site) to the spindle microtubules is the product of chance 
encounters during prometaphase. The attachment is thus subjected to errors (Nicklas 
1997 and references therein). Only when chromosomes are correctly attached by the 
kinetochores to the microtubule array, the spindle assembly checkpoint (SAC) allows 
the metaphase-anaphase to proceed (Rieder et al. 1995). Once all kinetochores have 
bipolar attachments, the checkpoint can be switched off by different mechanisms (May 
and Hardwick, 2006). Otherwise, the completion of the cell cycle is delayed in order to 
correct assemblage errors (Nicklas 1997). The improperly attached chromosomes are 
detected by the absence of tension from mitotic forces (Li and Nicklas 1995, Nicklas 
1997). Tension stabilizes the configuration of the chromosome, controls a cell cycle 
checkpoint and even changes the chromosome chemistry (Nicklas 1997). 
Immunocytochemical staining with a specific antibody for certain phosphorylated 
proteins showed that kinetochore protein phosphorylation depends on the state of 
chromosome attachment to the spindle (Nicklas 1997).  The accurate organization of 
mitotic forces might be interrupted by agitation, with subsequent activation of a 
checkpoint. Indeed, in Crypthecodinium cohnii the G2/M phase was prolonged due to 
the activation of the spindle checkpoint by nocodazole (Yeung et al. 2000), an anti-
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neoplastic agent which interferes with the polymerization of microtubules. An incorrect 
attachment of the chromosomes to the mitotic spindle could not be detected in our 
experiments with the confocal resolution, but it could be explored with the STED 
technique (see Materials and Methods, section 1.3). Nowadays, only a few STED 
microscopes (also called “the million dollar microscope”) are running in Europe, and 
our access to them is not straightforward.  
Finally, turbulence and shear could affect other processes were microtubules play a 
relevant role. Indeed, in addition to participate in the chromosome segregation in the 
division process, they are involved in the maintenance of the typical shape of the 
organism and in swimming. Microtubules are ubiquitous linear polymers of tubulin, and 
their dynamic spatial organization is submitted to regulatory controls, including the cell 
cycle dependent ones. Flagella are self-propelled microtubule-based organelles involved 
in the motility of all flagellates including dinoflagellates. As it was explained above (see 
Results), a high percentage of cells in the two treatments had broken or lost flagella. 
This could be in part due to the successive steps during the sample manipulation for 
microscopic observations. Further, turbulence could have caused the flagella breakage 
as described by Thomas and Gibson (1990) in Gonyaulax polyedra, although this could 
not be confirmed in the present experiments. However, using the same experimental 
setup and design we observed changes in the swimming velocity induced by turbulence 
but not flagella loss or breakage (Berdalet et al. 2007). Under other experimental 
conditions, alterations of swimming patterns had also been reported (Estrada et al. 1987, 
Chen et al. 1998, Karp-Boss et al. 2000). If flagellar breakage occurred, it could also 
slow down the mitotic cycle. In dinoflagellates, the microtubule cortical network and 
flagella must be duplicated previously to cell division. Therefore, dinoflagellates with 
broken flagella would not be able to finish their mitotic cycle previously to the flagella 
reconstruction (or at least, a part of it). Gaining insight into the flagella breakage and 
movement under turbulent conditions require the combination and improvement of 
video-enhanced contrast and stroboscopic illumination techniques. 
Finally, the diversity of chromatin condensation and mitotic spindle location observed 
in the present study suggests a possible link between these properties and the 
dinoflagellates species-specific sensitivity to turbulence (Berdalet and Estrada 1993, 
Sullivan and Swift 2003, Berdalet et al. 2007). While according to such studies, 
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sensitivity was not clearly related to taxonomy or morphology, it could be linked to 
particular nuclear characteristics. 
In addition to tubulin, other cytoskeletal proteins have also been found on 
dinoflagellates: p72 (an heat shock protein, Soyer-Gobillard et al. 2002), actin (Soyer-
Gobillard et al. 1996, Kato et al. 2000), a cyclin B homologue (Barbier et al. 1998) and 
a 80kDa protein (p80) which cross-reacted with an antibody to myosin II (Ausseil et al. 
1999). Turbulence could alter their behaviour during the cell cycle and then interfere 
with mitosis progression. The later suggests the presence of a contractile acto-myosin 
system in at least some dinoflagellate species, that could be involved both in the cortical 
structure and in the mitotic cycle. Acto-myosin is responsible for cytokinesis in many 
systems, and could also be involved in that cell cycle step in dinoflagellates. If 
confirmed in the studied species, the functioning of acto-myosin could be altered by 
turbulence, perturbing the late steps of the mitotic cycle, namely the fission of the 
nucleus and/or cytokinesis. 
No data about the suggested hypothesis are presented in the present study or available 
elsewhere as far as we know. Although further studies should be addressed in these 
directions, uncommon and expensive methodologies are needed to work on these topics. 
However, this kind of studies will improve the comprehension of the dinoflagellates 
physiology on itself and in particular, linked to turbulence, a relevant but not well 
understood environmental factor. 
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ABSTRACT 
Small-scale turbulence has been shown to alter different aspects of the physiology of 
some dinoflagellates, although the effects are markedly species-specific. Here, we 
investigated whether the harmful, neurotoxic, bloom producer Karenia brevis was also 
sensitive to that environmental factor. Once proved, we attempted to shed light on the 
underlying mechanism of response to turbulence by exploring whether caffeine-
sensitive receptors were implicated in the cell cycle arrest observed. This mechanism 
has been shown to operate in another dinoflagellate, Crypthecodinium cohnii (Yeung et 
al. 2006) under analogous conditions. 
The exposure of K. brevis to the turbulence generated by an orbital shaker (85 – 100 
rpm) or to 3 – 5 mM caffeine caused the immediate slow down of the population 
development, decreased growth rate and even cell death. Under agitation, cell cycle 
arrested in G1 phase while it occurred in G2/M on caffeine treated cultures. A K. brevis 
DNA microarray was used to identify suites of genes coordinately expressed in 
response to both stressors. Analysis of transcripts revealed no coincidences in the 
differential expression in the shaken cells compared to the caffeine treated ones. A 
90.5% of differential expressed genes under turbulent conditions were down-regulated. 
The different cell cycle checkpoints activation under shaking and caffeine exposure 
along with the poor-related differential gene expressions pointed to a possible 
independence of the mechanotransduction pathways activated by the two studied 
stressors. Thus, caffeine-sensitive receptors would not be involved in the response to 
turbulence in K. brevis. 
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INTRODUCTION 
As most tissues and unicellular organisms, planktonic cells are subjected to mechanical 
stress. These forces transmit information about the environment to the organisms. Most 
dinoflagellates are very sensitive to small-scale turbulence and shear, and adaptations in 
their shape, swimming behaviour, bioluminescence emission, division patterns and life 
forms, among others, have been described (e.g. Estrada et al. 1987, Berdalet 1992, 
Zirbel et al. 2000, Latz et al. 2004, Bolli et al. 2007). Cell response to mechanical forces 
is closely related to their physiology, although the mechanism by which cells perceive 
mechanical forces and convert their signals into biological responses is not completely 
understood. In many organisms (Simon et al. 1991, Helmlinger et al. 1995, Gudi et al. 
1996, Ishida et al. 1997), the mechanochemical signal transduction is mediated through 
GTP-binding (G) proteins and calcium ions. These molecules appear also to be linked to 
the bioluminescence stimulation by shear in Lingulodinium polyedrum (von Dassow 
and Latz 2002, Chen et al. 2007). Further, the mobilization of cytosolic calcium seems 
to be involved in the transient arrest of the cell cycle at G1 phase in Crypthecodinium 
cohnii caused by shaking (Yeung et al. 2006). In their study, calcium was mobilized 
through a series of metabolic reactions that involved ryanodine receptors, which are also 
activated by caffeine. In general, changes in the intracellular calcium concentration are 
implicated in the progress of cells through the division cycle. The modulation of the 
calcium mobilization into the cell by any forcing can cause the interruption of the cell 
cycle progression. 
Likely, the activation of the caffeine-sensitive ryanodine receptors by turbulence 
described in C. cohnii could operate in other dinoflagellates. Nevertheless, it is 
necessary to test it in each particular species, because in this phytoplankton group a 
diversity of sensitivities and physiological responses to small-scale turbulence has been 
observed (Berdalet and Estrada 1993, Sullivan et al. 2003, Berdalet et al. 2007). 
Furthermore, the responses are often dependent of the used experimental set up. For 
instance, a transient arrest in the G2/M phase of the cell cycle was observed in 
Akashiwo sanguinea (Berdalet 1992), Prorocentrum triestinum and Alexandrium 
minutum (Berdalet et al. 2007, Llaveria et al. 2009) when exposed to the same orbital 
shaking. In Lingulodinium polyedrum cultures, the decrease in cell division was 
associated to a lengthening of the G1 or of G2 phases depending on the duration and 
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intensity of flow shear generated by a Couette system or by a reciprocal shaker (Juhl 
and Latz 2002). Yeung and Wong (2003) reported a transient cell cycle arrest in G1 
phase of Heterocapsa triquetra and Crypthecodinium cohnii cultures exposed to 
continuous orbital shaking. 
The present work was conducted in the dinoflagellate Karenia brevis, a neurotoxic 
(brevetoxin producer) organism involved in animal (fish) mortalities and human illness, 
especially in the Gulf of Mexico (Van Dolah 2000). Given its socioeconomic and 
ecological importance, intensive efforts have been carried out (and are still ongoing) to 
elucidate its ecophysiology and genetic and molecular characteristics, in order to further 
understand the main factors involved in its bloom formation. However, its response to 
small-scale turbulence had not been tested previously. We expected that K. brevis could 
be especially sensitive to the hydrodynamic stress as it is closely related to Akashiwo 
sanguinea (Berdalet 1992) and Karenia mikimotoi (Gentien et al. 1998, 2007), two 
naked and morphologically similar dinoflagellates that are negatively affected by small-
scale turbulence. 
Once we confirmed that shaking decreased markedly the population development of K. 
brevis, we tried to shed light on the underlying mechanism of its response to turbulence. 
We studied how turbulence affected its cell cycle progression, and tested whether the 
caffeine-sensitive ryanodine receptors were involved in an eventual and mechanically 
induced cell cycle arrest. Thus, changes in the cell cycle progression of K. brevis 
exposed to either shaking or caffeine were compared. We also hypothesized that if 
caffeine and turbulence regulated cell cycle progression through the activation of 
ryanodine receptors, a similar modulation of expression of certain genes would be found 
under both experimental conditions. To test it, the differential gene expression was 
analyzed using a DNA microarray developed for K. brevis (Lidie et al. 2005) and used 
in previous physiological studies in this species (Van Dolah et al. 2007).  
 
 
Chapter 3 
76 
 
MATERIALS AND METHODS 
General overview. An initial experiment was performed at the Institut de Ciències del 
Mar (CSIC, Barcelona) to test whether Karenia brevis showed a particular sensitivity to 
small-scale turbulence using the same experimental setup that had caused relevant 
responses in other species. Thus, turbulence was generated by the same orbital shaker as 
in Bolli et al. 2007, Berdalet et al. 2007, Llaveria et al. 2009 and in the other chapters of 
the present PhD thesis. Given that this preliminary experiment indicated a clear effect of 
shaking on the population dynamics and cell cycle of K. brevis (see Results), two new tests 
(Experiments I and II) with slightly different experimental conditions were conducted at 
the Center for Coastal Environmental Health and Biomolecular Research (National 
Oceanic & Atmospheric Administration, Charleston, USA) where all molecular 
techniques were available. 
Cultures. The Wilson isolate of K. brevis (CCMP718, non-axenic unialgal culture) was 
used for this study. In Barcelona, K. brevis was grown in f/2 seawater enriched medium 
without silica addition (Guillard 1975). Mediterranean Sea water collected at 5 m depth 
was filtered through GF/F glass fiber filters (Whatman International Ltd., Middlesex, 
UK), adjusted to 31 psu by the addition of double-distilled water, autoclaved and used 
for the preliminary experiment. Stock and experimental cultures were grown in a culture 
chamber at 21± 1º C on a 16:8 light:dark (L:D) cycle and 120 μmol photon·m-2·s-1 
irradiance provided by the combination of Gyrolux (58 W, Sylvania, Erlangen, 
Germany) and cool-white (58 W, Philips, Eindhoven, the Netherlands) fluorescent tubes 
(in a 1:1 proportion). In Charleston, the stock and experimental cultures were 
maintained in modified f/2 medium, supplemented with ferric sequestrene (instead of 
EDTA·Na2 and FeCl3·6H2O) and 0.01 µM selenic acid. Seawater was pumped from the 
Vero Beach at the Florida Institute of Technology field station, filtered through 20 µm 
mesh net and autoclaved. The experimental culture chamber was held at 25 ± 1º C, with 
a 16:8 light:dark (L:D) cycle and 120 μmol photon·m-2·s-1 irradiance provided by cool-
white fluorescent tubes. 
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Experimental 
Preliminary experiment: Four 4L Florence flasks (Pyrex spherical flasks with flat bottom) 
containing 3L of medium were inoculated with the same initial cell concentration (1494 ± 
117 cell·mL-1). Three days after inoculation, two flasks (hereafter referred to as 100-
Turbulent, see also below) were randomly chosen to be subjected to continuous 
turbulence while two flasks were kept still as control (hereafter referred to as Still). 
Thereafter, samplings for cell counts were performed once per day until the end of the 
experiment. To minimize disturbance of the Still flasks when sampling, they were 
carefully and gently swirled. Two days after the start of turbulence, on day 5, samples 
were taken at regular time intervals of 2 hours during 24 hours to test the effect of 
turbulence on the cell cycle by flow cytometric analysis. The shaker (AOS, from SBS, 
Rubí, Spain) was operated at 100 rpm and with a displacement of 30 mm, which 
generates an average turbulent kinetic energy dissipation rate, ε, of 2.01 cm2·s-3 
(2.01·10-4 Watt·Kg-1, Bolli et al. 2007). 
 
Experiment-I: Six 2L Pyrex spherical flasks containing 1L of medium were inoculated 
with the same initial cell concentration (905 ± 160 cell·mL-1). Samples for cell counts were 
taken along the experiment to track the development of the cultures. On day 3, two flasks 
were randomly chosen to be subjected to continuous agitation generated by an orbital 
shaker operating at 85 rpm (hereafter referred to as 85-Turbulent), while two flasks 
were kept still as control (Still), and the other two flasks were supplemented with 5mM 
caffeine (hereafter referred as 5-Caffeine, Sigma, CO750). This caffeine concentration 
was chosen trying to mimic the experimental conditions used in Yeung et al. (2006). 
Until this moment, all 6 experimental flasks were subjected to the same conditions and 
they were considered as replicates. 24 hours after the start of turbulence and the caffeine 
addition, on day 4, samples were taken at regular time intervals of 4 hours during 24 
hours to test the effects of the treatments on the cell cycle by flow cytometric analysis. 
This 24 hours sampling period will be referred to as “cell cycle sampling”. The number 
of flasks inoculated and their volume was limited by the fact that the orbital shaker 
(from New Brunswick Scientific Company) could not hold more than two spherical 
flasks of such size and weight. It was not possible to measure ε in this experimental 
setup, but it is estimated that it would be in the range of 1 to 10 cm2·s-3, following 
Guadayol et al. (2009). 
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Experiment-II: This experiment was carried out following the same general design than in 
Experiment-I with the following modifications. Exposure to shaking at 85 rpm did not 
cause relevant changes in cellular abundances while cells died in 5mM caffeine (see 
Results). Thus, the experimental conditions were established now at 90 rpm continuous 
agitation and 3mM caffeine supply, and the treatments will be referred to as 90-
Turbulent and 3-Caffeine, respectively. Due to logistic problems, the turbulence and 
caffeine treatments began one day later than in Experiment I (on day 4). The initial cell 
concentration was 1203 ± 28 cell·mL-1 in all the experimental flasks. In this experiment, 
the estimated ε would be in the range of 1 to 10 cm2·s-3 (Guadayol et al. 2009), likely 
higher than in Experiment-I. 
 
Measurements 
Cell numbers. Estimations of the cell abundances were performed by optical 
microscopy during the preliminary experiment, after lugol´s fixation, and in vivo 
immediately after sampling using a Multisizer 3 Coulter Counter (Beckman Coulter, 
Fullerton, CA, USA) in the Experiment-I and II. This instrument is provided with a 100 
µm aperture tube, with an effective particle-size range of 2-60 µm (equivalent spherical 
diameter), and a 300 channel particle-size analyzer. From each experimental flask, one 
sample was obtained, and the measurements by Coulter Coulter were done on triplicate 
aliquots. Net exponential growth rates (µ, day-1, as defined by Guillard 1973), were 
calculated as the slope of the regression line of ln(N) versus time (t), where N was the 
estimated cell abundances. 
Cell cycle characterization. Flow cytometric DNA analyses were performed to track 
changes in the cell cycle induced by the treatments. From each experimental flask, a 15 
mL sample taken in every sampling time was fixed in 2% paraformaldehyde and stored 
at 4º C. Thereafter, samples were centrifuged (500g for 3 min). The supernatant was 
removed by aspiration and the pelleted cells were permeabilized by the addition of 1mL 
of -20ºC methanol for a minimum of 4 h. This step also allowed to extract cellular 
pigments. The permeabilized cells were again pelleted by centrifugation (500g for 3 
min), ressuspended in phosphate buffered saline containing 0.5% Tween 20 and 10 
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mg·mL-1 propidium iodide (PI, Sigma, St. Louis, MO, US) and 10 mg·mL-1 RNase 
(Sigma, St. Louis, MO), and incubated in the dark for 15 min at room temperature. 
DNA analysis of the PI stained cells was carried out on an Epics XL flow cytometer 
(Beckman Coulter, Miami, FL, US) using a 5W argon laser with a 488nm excitation 
wavelength and 635nm emission wavelength. Cell cycle distribution was analyzed using 
Multicycle software (Phoenix Flow Systems, San Diego, CA). 
RNA isolation. After 48 hours under turbulence or caffeine exposure, coinciding with 
the last of the sampling points of the intensive sampling, all the remaining culture 
(around 800 mL in each experimental flask) was used to extract RNA. Cells were 
harvested by centrifugation using a swinging bucket centrifuge at 600 g, 10 min at room 
temperature, and RNA was isolated using Total RNA Isolation Reagent (TriReagent®, 
#TR118, Molecular Research Center Inc., Cincinnati, OH) following the manufacturer’s 
protocol. After precipitation, the RNA was ressuspended and purified using a Qiagen 
RNeasy (Valencia, CA, US) column. RNA was quantified using a Nano-Drop ND-1000 
spectrophotometer (NanoDrop Technologies, Wilmington, DE) and qualified on an 
Agilent 2100 Bioanalyzer (Santa Clara, CA, US). 
Microarray. The oligonucleotide microarray containing probes to 4629 unique K. brevis 
genes described by Lidie et al. (2005) was used in this study. A two-color protocol was 
followed to identify similarities between control (Still) and treatments. Still replicates in 
each experiment were pooled (n = 2). Total RNA was amplified and labeled with Cy3-
dCTP or Cy5-dCTP (Perkin Elmer, Boston, MA, US) using the Agilent Low Input 
Linear Amplification kit according to manufacturer’s protocols. Following labeling and 
clean-up, cRNA was quantified by UV-Vis spectroscopy and around 300 µg each of 
Cy3 and Cy5 labelled targets were combined and hybridized to Agilent arrays for 17 h 
at 60ºC. After hybridization, arrays were washed consecutively in solutions of 6X SSPE 
and 0.005% N-laurylsarcosine, and 0.06X SSPE and 0.005% N-laurylsarcosine for 1 
min each at room temperature, followed by a 30 s wash in a stabilization and drying 
solution (Agilent). Microarrays were imaged using an Agilent microarray scanner. 
Images were extracted with Agilent Feature Extractor version A7.5.1, and, using a rank 
consistency filter, features were subjected to a combination linear ⁄ LOWESS 
normalization algorithm. The normalized array data were analyzed using Rosetta 
Luminator 2.0 gene expression analysis system (Rosetta Informatics, Seattle, WA, US). 
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A composite array was generated from the two dye-swapped biological replicate arrays 
at each treatment. Only features with absolute differential expression ±1.7-fold in and a 
P-value <0.0001 were used for trending.  
 
RESULTS 
Preliminary experiment. The four cultures grew at similar rate, 0.30 ± 0.02 day-1 
(average ± standard deviation, n = 4), from day 0 to 3 (Fig. 3.1a). Thereafter, the 
exposure to shaking caused an immediate slow down of the populations’ development. 
The growth rate drastically decreased in the 100-Turbulent flasks (0.05± 0.004 day-1, n 
= 2, days 4 to 7) while the Still ones maintained their initial values (0.31 ± 0.03 day-1).   
The 24 hours cell cycle sampling performed on days 5-6 revealed that under control 
conditions Karenia brevis had discrete G1, S and G2/M phases, which occurred at precise 
times relative to the diel cycle (Fig. 3.2a). The percentage of cells in G2/M phase was 
consistently maximal approximately 2 hours after the end of the light period, with 
mitosis completed 8 hours later, i.e. 2 hours after the onset of the lights. Near 100% of 
the cells were in G1 phase at this time. S phase entry occurred approximately 8 hours 
after the onset of light, and the maximum percentage of cells in S phase was attained 2 
hours before the sunset. 
The cell cycle pattern observed in the Still treatments was modified by 48 hours of 
exposure to turbulence (Fig. 3.2d). The adjusted curves that described the G1, S and 
G2/M phases in the 100-Turbulent cultures had smaller amplitude than the ones 
corresponding to the Still treatments, although the timing of the peaks and valleys was 
similar. From 6:00 to 18:00, the percentages of cells in G1 and S were clearly higher 
and lower, respectively, than their corresponding proportion in the Still treatments (Fig. 
3.2a). 
Experiment-I. As in the Preliminary experiment just described, all four cultures had similar 
growth rate (0.28 ± 0.02 day-1, n = 4) from the beginning of the experiment to day 3. The 
trend was maintained in the Still cultures along the experiment (Fig. 3.1b), but shaking 
at 85 rpm decreased the growth rate to half (0.16 ± 0.03 day-1, n = 2) and exposure to 
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5mM caffeine resulted in negative growth rate values (-0.16 ± 0.04 day-1). The 
particular cell cycle patterns of the Still (Fig. 3.2b) and the 85-Turbulent (Fig. 3.2e) 
cultures showed the trends already observed in the Preliminary experiment. Exposure to 
5 mM caffeine also altered the K. brevis cell cycle (Fig. 3.2g). The progression of the 
cells along the cell cycle phases disappeared and an arrest in G2/M phase was detected. 
 
 
Figure 3.1. Changes in cell abundances in the different treatments (Still, 85-, 90- and 100-Turbulent, and 
3- and 5-Caffeine) along the three experiments - a) Preliminary, b) Experiment I and c) Experiment II. 
Data points and vertical bars are averages and standard deviations, respectively (n = 2). Arrows indicate 
the beginning of turbulence and/or caffeine treatment in the corresponding flasks.  
 
Experiment-II: In the same way, the six flasks had a similar net growth rate during the first 
four days of the experiment (0.34 ± 0.01 day-1), previously to treatment application (Fig. 
3.1c). Growth rate was maintained in the Still cultures until the end of the experiment, 
while it relatively slowed down in the 90-Turbulent ones during the first day under 
agitation and it decreased drastically afterwards (-1.37 ± 0.16 day-1). The cultures 
exposed to 3 mM caffeine showed a growth rate of 0.07 ± 0.06 day-1 from day 4 to the 
end of the experiment. 
The Still (Fig. 3.2c) and 90-Turbulent (Fig. 3.2f) cultures displayed cell cycle patterns 
similar to those described in the two previous experiments. However, the changes induced 
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by shaking were more noticeable. In this case, the cell cycle was arrested in G1, 
although a small percentage of cells appeared to be undergoing mitosis at 18:00. 
 
Figure 3.2: Percentage of cells in G1, S and G2/M phases in the different treatments of the three 
esperiments during a 24 hours cell cycle sampling. a, b and c: data from the control cultures; d, e and f: 
from the Turbulent cultures at different intensities (100, 85 and 90 rpm respectively) . g and h: from the 
Caffeine treated cultures (5 mM and 3 mM respectively). In all cases, data points and vertical bars are 
averages and standard deviations, respectively (n = 2).   
 
Decreasing the caffeine concentration from 5 to 3 mM allowed the cell cycle 
progression (Fig. 3.2h). The modulation of the percentages of G1, S and G2/M was 
similar to the one detected in 100-Turbulent and 85-Turbulent cultures (Fig. 3.2d and e, 
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respectively), although the percentage of cells in G2/M phase in the 3-Caffeine cultures 
was always higher than 10%, probably indicating an incipient transitory arrest in this 
phase. 
Gene expression. RNA was isolated in all the experimental flasks in Experiments I and 
II. However, only the treatments with a positive net growth rate were considered for the 
analysis. Treatments with a negative effect on cellular abundances (90-Turbulent and 5 -
Caffeine) were discarded because of a good-quality RNA is needed for gene expression 
analysis. So, the comparison of gene expression was only possible between the Still and 
the 85-Turbulent treatments from Experiment-I and between the Still and the 3-Caffeine 
from Experiment-II. For each experiment, the two Still replicates were pooled to reduce 
the noise, but not Turbulent and Caffeine replicates, that each one was treated 
separately. Treatments were analyzed with the fluorescent labels reversed to account for 
potential dye bias. 
Still vs. 85-Turbulent: A total of 190 gene transcripts (4.1%) were differentially 
expressed (± 1.7-fold, p < 0.0001). Among them, 172 (90.5%) were down-regulated 
(Fig. 3.3a, green dots) in the 85-Turbulent treatment, and the remaining 18 genes (9.5 
%) were up-regulated under agitation (red). A major part of the differentially expressed 
transcripts lacked significant similarity to known genes in the Gen-Bank data base, and 
some had similarity with proteins of unknown function. The genes with similarity to 
known ones were related with several cellular processes, including cell structure, 
surface, cytoskeleton and signalling functions (Table 3.1). Genes involved in the 
metabolism of other proteins, lipids and carbohydrates were also detected as 
differentially expressed under turbulent conditions. 
Still vs. 3-Caffeine: A total of 288 gene transcripts (6.2%) were differentially expressed 
(± 1.7-fold, p < 0.0001). Among them, 133 (46.2%) were down-regulated (Fig. 3.3b, 
green) in the 3-Caffeine treatment, and 155 genes (53.8%) were up-regulated (red). The 
major processes represented included signal-pathway components, cell structure and 
cytoskeleton, and signalling-pathway components (Table 3.1). Although these groups 
were also found in the turbulent samples analysis, the specific genes differed. No 
coincidences in the genes concerning the two experiments were detected. A large group 
of genes involved in photosynthetic processes were down-regulated in the presence of 
caffeine, while this was not detected under turbulent conditions. 
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Figure 3.3: Gene expression changes between Still vs. 85-Turbulent and Still vs. 3-Caffeine. Green dots 
represent down-regulated transcription related genes (± 1.7-fold, p < 0.0001) under the treatment 
conditions (85-Turbulent in Experiment I, 5-Caffeine in Experiment II) compared to control conditions, 
while red dots represent up-regulated transcription related genes (± 1.7-fold, p < 0.0001) under the 
treatment conditions. 
 
 
DISCUSSION 
The aim of this study was to study whether Karenia brevis was sensitive to small-scale 
turbulence and, if so, to elucidate the physiological mechanism by which the 
dinoflagellate responded to that environmental factor. We compared the effects of 
turbulence on cell cycle and gene expression with those induced by caffeine in order to 
explore the involvement of caffeine-sensitive ryanodine receptors -implicated in the 
cytosolic mobilization of calcium- in the mechanically induced cell cycle control. 
Turbulence caused an arrest in G1 phase, while the cell cycle was blocked at G2/M 
phase by caffeine. Differential gene expression indicated mainly a down-regulation of 
the analyzed transcripts under turbulent conditions, but not in the presence of caffeine. 
Although major common metabolic pathways could be involved in the response to both 
stimuli, no coincidences in the genes concerning the two treatments were detected. 
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Experiment-I: 85-Turbulent  Experiment-II: 3-Caffeine 
 Acc # Sequence Description F. Change P-value  # Sequence Description F. Change P-value 
CELL WALL/CELL SURFACE 
11505 cellulase [Phaseolus vulgaris] -2.79 1.73E-07 5680 COG0463: Glycosyltrans-ferases  -2.26 1.39E-17 
3237 cell wall surface anchor family protein  -1.91 2.41E-10 3006 surface protein, LPXTG-motif cell wall  -2.12 1.76E-12 
4201 similar to Streptococcus pneumoniae. Cell wall -1.91 2.98E-12 2417 envelope glycoprotein [Human immunodeficience] 1.93 1.60E-22 
8238 plakoglobin [Canis familiaris] -3.96 2.79E-11 10185 UHS KERB-like protein [Homo sapiens] -1.86 2.46E-14 
2813 aph1 [Schizosaccharomyces pombe] gi213018 -3.56 1.08E-28 4201 similar to Streptococcus pneumoniae. Cell wall 1.74 5.48E-10 
11180 collagen pro alpha-chain [Haliotis discus] -1.92 1.34E-13 8178 cryptosporidium TRAP-C2 extracellular protein 6.29 1.21E-24 
4062 proteophosphoglycan [Leishmania major] -7.78 9.91E-19 2973 PspA [Streptococcus pneumoniae] 2.47 2.60E-08 
    8667 srpA [Streptococcus cristatus] 2.44 6.37E-20 
    6626 Ras inhibitor RIN1 [Homo sapiens] -2.02 1.34E-22 
CYTOSKELETON 
6809 formin 2 [Mus musculus] gi8118086gbAAF 1.75 1.83E-16 4623 ankyrin repeat domain protein  3.35 1.05E-07 
2375 Actin [Lingulodinium polyedrum] -3.36 9.55E-06 5831 LdOrf-132 [Lymantria dispar nucleopolyhedro. -2.20 1.13E-07 
11774 Outer arm dynein beta heavy chain [Paramecium] -3.25 0 10887 ring finger and bbox containing protein  -1.80 1.11E-15 
6037 kinesin-like molecule [Leishmania] -3.02 1.02E-13 7041 troponin C, skeletal muscle [validated]  2.08 1.25E-08 
2890 COG5184: Alpha-tubulin suppressor  -2.38 8.37E-06      
2798 dynactin 1 isoform 1 [Homo sapiens]  -1.84 3.38E-20      
SIGNAL TRANSDUCTION 
6021 rac-beta serine/threonine protein kin -1.82 2.29E-17 9003 Corin variant3 [Macaca fascicularis] 2.22 5.58E-14 
8610 STE11 protein kinase homolog NPK1 - common tobacco -1.73 9.47E-07 1659 protocadherin alpha subfamily C, 1  -2.18 2.16E-12 
    5873 mitogen-activated protein kinase kinase 4.59 1.06E-09 
    2258 EF-hand calcium-binding protein [Echinococcus sp] 2.60 1.21E-36 
    9637 COG0664: cAMP-binding proteins -  -1.93 4.19E-11 
    6049 KCBP-like kinesin [Stichococcus bacillus] 1.89 4.26E-06 
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Experiment-I: 85-Turbulent  Experiment-II: 3-Caffeine 
 Acc # Sequence Description F. Change P-value  # Sequence Description F. Change P-value 
PHOTOSYNTESIS 
    10994 PSI P700 apoprotein A2 [Guillardia theta]  -6.02 0 
    8981 chlorophyll A-C binding protein [Pyrocystis sp] -3.41 2.17E-09 
    1256 light harvesting protein [Phaeodactylum sp] -3.21 2.73E-13 
    1872 oxygen evolving enhancer 1 precursor [Karenia] -1.99 2.86E-13 
    5804 chlorophyll A-C binding protein [Pyrocystis sp] -1.90 2.95E-05 
    3213 chloroplast light harvesting complex protein -1.76 2.53E-15 
    3652 chloroplast photosystem II 12 kDa extrinsic  -1.71 2.72E-08 
PROTEIN METABOLISM 
3860 transaminase [Micromonospora griseorubida] -2.08 1.97E-13 3076 COG0128: 5-enolpyruvylshikimate-3 -1.76 5.85E-08 
    2747 Thiamine-phosphate pyrophosphorylase  1.75 4.13E-10 
    8536 COG0215: Cysteinyl-tRNA synthetase  1.74 8.43E-06 
    9754 clostripain-related protein -1.71 2.13E-14 
    7406 elicitor-like mating protein M81  4.17 3.02E-15 
    1003 metallo cofactor biosynthesis protein  4.00 6.98E-08 
FATTY ACID METABOLISM 
1428 antisense polyketide synthase [Cryptosporidum] -1.94 1.22E-18 560 type I fatty acid synthase [Cryptosporidium ] 1.98 2.59E-06 
6318 lipid transfer protein [Brassica rapa ] -1.92 1.54E-07 11567 putative carnitine/acylcarnitine translocase -1.71 3.26E-05 
RNA METABOLISM 
10957 pap1p; poly A polymerase (eukaryotic type) -27.340 2.90E-06 686 RNA polymerase [Infectious hematopoietic ne] -66.210 1.89E-11 
8147 Yel077cp [Saccharomyces cerevisiae]  -24.759 1.01E-07 4334 eukaryotic translation initiation factor 4A 22.419 1.12E-10 
    1955 COG3719: Ribonuclease I [Pseudomonas sp] -23.963 6.81E-32 
    5459 COG1530: Ribonucleases G and E  -17.664 2.92E-07 
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Experiment-I: 85-Turbulent  Experiment-II: 3-Caffeine 
 Acc # Sequence Description F. Change P-value  # Sequence Description F. Change P-value 
SUGAR METABOLISM 
7662 enolase [Methylococcus capsulatus str. Bath] -68.669 3.29E-12 1924 COG0366: Glycosidases [Rubrobacter xylan 17.015 2.48E-17 
    2474 chloroplast phosphoglycerate kinase precursor 43.494 9.98E-10 
STRESS 
6126 DnaJ homolog [Plasmodium yoelii yoelii -21.054 5.14E-14 3171 COG1278: Cold shock proteins 27.852 2.61E-19 
    11332 aryl hydrocarbon receptor nuclear 18.730 1.56E-07 
TRANSPORT 
9177 COG2215: ABC-type uncharacterized  -21.816 3.57E-10 5454 COG0477: Permeases of the major facilita -21.202 4.64E-10 
    9922 COG2239: Mg/Co/Ni transporter MgtE  19.721 2.97E-05 
CELL CYCLE 
 5238 cell division cycle associated 7 [Mus musculus] -25.205 5.76E-39 
Table 3.1:Differentially expressed genes (± 1.7-fold, p < 0.0001) identified in K. brevis under turbulence (85 rpm) and Caffeine (3 mM) treatments. Acc #: accession number. 
F. change: expression fold change comparing Still conditions with the respective treatment.  
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The presence of mechanosentive channels and the involvement of calcium signals to 
mechanically induced behavioral control have been studied in several systems (Haley et 
al. 1995, Falciatore et al. 2000, Yeung et al. 2006). In fact, calcium signaling plays 
several important roles in regulating cellular processes from cell growth to cell death. 
Our results are compatible with a calcium signaling activation by agitation in Karenia 
brevis, but probably the calcium mobilization does not involve caffeine-sensitive 
receptors, as described in Crypthecodinium cohnii (Yeung et al. 2006). It can be easily 
argued that the response is species-specific, but it cannot be forgotten that our 
experimental approach and design differed from the one used in the C. cohnii studies. In 
Yeung et al. 2006, calcium mobilization was observed in very short (less than 15 
minutes) experiments. Further investigations are required to test whether the 
divergences between turbulence and caffeine effects in K. brevis are dependent on the 
relative duration of the exposure to each stressor. The faster responses to turbulence 
exhibited by C. cohnii than those observed in our present study suggest that different 
components would be involved in the reaction to caffeine. 
The observed lengthening of the G1 phase when cells were exposed to agitation differed 
from the results obtained in Alexandrium minutum (Llaveria et al. 2009), that transitory 
arrested the cell cycle at G2/M phase under similar turbulent conditions. This finding is 
consistent with the species-specificity of the dinoflagellates responses in front of 
turbulence. 
Concerning to the differential gene expression under turbulent conditions, our study 
revealed a massive down-regulated transcription, suggesting the alteration of diverse 
metabolic functions. Some changes in transcripts were associated to the cytoskeleton. 
The most striking one is the presence of one tubulin-encoding gene and several genes 
that code for actin, dynein and dynactin. This could be compatible and even reinforce 
the alternative hypothesis exposed in the wake of the absence of alterations in 
microtubular systems staining with antibody anti-tubulin in previous works (Llaveria et 
al. in prep, chapter 2 of this PhD Thesis). Surprisingly, genes involved in photosynthetic 
mechanism were down-regulated by caffeine but not by turbulence, confirming the 
differences between the responses to the two stressors. 
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Gene expression data must to be considered with care. Microarray analysis has become 
a popular technique for identifying differentially expressed genes, but it should be taken 
into account that it has inherent technical advantages and limitations. Once identified, 
the varying expression levels of specific mRNAs must be confirmed using RT-PCR 
techniques, but this was not done in the present work. A number of widely used 
procedures exist for evaluating the expression pattern of a particular mRNA across 
RNA samples. Moreover, previous gene expression studies have demonstrated a 
prevalence of post-transcriptional gene regulation in K. brevis (Van Dolah et al. 2007), 
which could be neglected by the study of the transcripts.  
To our knowledge, this is the first attempt to study the cellular and genetic mechanisms 
involved in the response of dinoflagellates to turbulence using molecular tools.  The 
sensitivity of dinoflagellates to turbulence could be related to an ensemble of 
physiological mechanisms. Gaining insight into the genetic control of dinoflagellates is 
an important aspect that will require the combination and improvement of different 
techniques. Together with the cytometry data, genic expression analysis revealed that 
ryanodine caffeine-sensitive receptors were not implicated in the physiological response 
to turbulence in K. brevis. 
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ABSTRACT 
Some marine dinoflagellates produce important amounts of dimethylsulphoniopropionate 
(DMSP), a common compatible solute, and its cleavage product dimethylsulphide (DMS), a 
climatically active trace gas. In the field, dinoflagellate proliferations appear to be favoured 
by calm weather and water column stability; indeed, small-scale turbulence is a physical 
factor that directly affects ecophysiological aspects of this phytoplankton group. Here we 
report the effect of turbulence on the net DMSP production by Alexandrium minutum, a 
widespread bloomforming dinoflagellate species. Turbulence substantially increased the 
DMSP concentration and concurrently altered the cell division pattern with respect to still 
conditions. DMSP was preferentially synthesized during the light period in both treatments. 
During the night, a slowdown of the division process caused DMSP accumulation in the cells 
exposed to shaking. The study suggests the existence of a tight link between the dynamics of 
DMSP concentration and other cell processes entrained by circadian rhythms in 
dinoflagellates. Further, we propose that the effects of small-scale turbulence on the DMSP 
dynamics could be related to an overflow mechanism in metabolically unbalanced cells. 
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INTRODUCTION  
Dimethylsulfoniopropionate (DMSP) is a major component of organic sulfur in the ocean and 
plays a significant role in the global sulfur cycle. Its cleavage produces DMS, which is 
volatilized and adds gaseous sulfur to the atmosphere. Phytoplankton DMSP production is 
species-specific but widely distributed among phyla (Keller et al. 1989, Stefels et al. 2007). 
Haptophytes, including coccolithophorids, Chrysophytes and dinoflagellates have shown the 
highest intracellular levels of DMSP, which is synthesized as a compatible solute to reach 
concentrations of up to hundreds of mM. Some of the algal species belonging to these groups 
bloom in vast areas, sometimes on intensive and/or recurrent proliferations. Then, high 
amounts of DMSP are produced and circulated throughout the food web (Matrai and Keller 
1993, Simó 2004) and, as a result, high amounts of DMS are released. It has been suggested 
that the emission of DMS to the atmosphere may affect cloud formation and brightness, and 
the backscatter of sunlight may reduce mean light intensity, and influence the phytoplanktonic 
bloom-formation (Charlson et al. 1987). Thus, the biosynthesis of DMSP in algae not only 
has important physiological and ecological implications, but a potential great influence in 
global sulfur biogeochemistry and climate (Simó 2001).  
Variations of intracellular DMSP concentrations over the growth (Keller 1991, Matrai and 
Keller 1994) and diel cycles (Bucciarelli et al. 2007) have been described in marine algae. 
DMSP production is known to be also influenced by environmental variables including for 
instance, salinity, light, dissolved nitrogen and sulfur, and temperature (Vairavamurthy et al. 
1985, Mulholland and Otte 2000, Stefels 2000, Sunda et al. 2002). Changes in intracellular 
DMSP concentrations could be related to the function of DMSP in algal physiology, which 
still is not clearly understood. 
DMSP lyase, the enzyme that catalyzes the cleavage of DMSP to DMS and acrylate, occurs in 
both bacteria and algae. The process of DMSP cleavage by marine algae has not been 
described in full. Wolfe and Steinke (1996) found that the reaction can be initiated by cell 
lysis and hypothesized that DMSP and the enzyme are physically compartmentalized in the 
cell. However, it is not clear that complete cell lysis is necessary. For instance, Wolfe et al. 
(2000) found that gas bubbling stimulated DMS production by physiologically damaged 
Phaeocystis pouchetii colonies. In contrast, Wolfe et al. (2002) described an increase in DMS 
production by Alexandrium spp. in response to bubbling and to mechanical agitation, even 
Chapter 4 
 95
though massive destruction or rupture of the cells was not detected. Interestingly, small-scale 
turbulence has shown to directly affect different physiological processes of phytoplankton 
and, overall, dinoflagellates appear to be an especially sensitive group to this physical forcing. 
Experimental studies (listed in Berdalet et al. 2007) describe that turbulence generally caused 
deleterious effects on this phytoplankton group, including alteration of cell division (e.g. 
Pollingher and Zemel 1981, Berdalet 1992), morphological changes (Zirbel et al. 2000), 
interference with organism behavior (e.g. Karp-Boss et al. 2000) and cell disruption (e.g. 
White 1976). Together with the increase of DMS production, mechanical stress has been 
described as a stimulator of DMSP lyase activity in dinoflagellates (Niki et al. 2000), 
although the effects of turbulence in DMSP concentration have not been reported. 
In the present study we explored the effect of small-scale turbulence on the DMSP 
concentration in the dinoflagellate Alexandrium minutum, a widespread bloom-forming 
species. Changes in DMSP concentrations, cellular abundances and their corresponding 
biovolume were measured during 5 days of exposure to turbulence. In such experimental 
conditions it has been shown that significant mortality of A. minutum did not occur (Llaveria 
et al. 2009), although the G2/Mitosis phase was elongated under turbulence. Given that 
dinoflagellates show a clear circadian rhythm with cell division occurring mainly during the 
night period, we examined the diel variation of DMSP concentrations and whether turbulence 
modified it. 
 
MATERIALS AND METHODS 
Cultures. The Alexandrium minutum clonal strain employed in this study was VGO 651, 
kindly provided by the Vigo Oceanographic Center (Spain). A non-axenic stock and 
experimental unialgal cultures were maintained in a temperature controlled room at 20 ±1ºC, 
120µmol photon·m-2 s-1 irradiance provided by the combination of Grolux -58 W, Sylvania, 
Erlangen, Germany- and cool-white -58 W, Philips, Eindhoven, the Netherlands- fluorescent 
tubes, in a 1:1 proportion; 12:12 h LD cycle, light period starting at 00:00 local time. The 
culture media was f/2-enriched seawater without silicate addition (Guillard, 1975) and 
seawater of salinity 38 was obtained from Blanes Bay -NW Mediterranean-, 1 km offshore at 
a 5m depth. 
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Experimental. Four 4L Florence flasks (Pyrex spherical flasks with flat bottom) containing 3L of 
medium were inoculated with the same initial cell concentration (912 ± 81 cell·mL-1). On day 3, 
just after sampling, two flasks (hereafter referred to as Turbulent) were randomly chosen to be 
subjected to continuous turbulence while two flasks were kept still as control (hereafter 
referred to as Still). Samples for cell counts, measurement of cell size and DMSP 
concentration were taken at 4:00 h local time (corresponding to 4 hours after the lights onset 
and 8 hours before the dark period) to track the effect of turbulence. Two days after the start 
of turbulence, on day 5, samples were taken at regular time intervals of 2 hours (from 0:00 to 
24:00 h local time, both included). To obtain representative and even samples of the Still 
flasks they were carefully and gently swirled to minimize disturbance.  
Turbulence setup. Turbulence was generated by an orbital shaker operating at 120 rpm with a 
displacement of 30 mm. This corresponds to an average turbulent kinetic energy dissipation 
rate, ε, of 27 cm2·s-3 (2.7·10-3 Watt·Kg-1, Bolli et al. 2007). 
Measurements. Cell abundances were estimated by microscopy with Sedgwick-Rafter 
counting cell slides after fixation with Lugol´s iodine solution. A minimum of 400 cells were 
counted. Net exponential growth rates (µ, d-1, as defined by Guillard 1973), were calculated 
as the slope of the regression line of ln(N) versus time (t), where N was the estimated cell 
abundances by microscopic counting. 
In vivo measurements of the population size spectrum were performed immediately after 
sampling using a Multisizer 3 Coulter Counter (Beckman Coulter, Fullerton, CA, USA). This 
instrument is provided with a 100 µm aperture tube, with an effective particle-size range of 2-
60 µm (spherical equivalent diameter), and a 300 channel particle-size analyzer.  
DMSP concentration was determined as DMS following alkaline hydrolysis (Simó et al. 
1996). Samples were placed into 10-mL glass vials containing a pellet of NaOH. Vials were 
sealed immediately with Teflon-coated septa and stored in the dark. After overnight 
incubation, the alkaline hydrolysis of DMSP resulted in equimolar quantities of DMS, which 
was measured one week later using a gas chromatograph equipped with flame photometric 
detection (GC-FID). The carrier gas was helium delivered at a constant flow rate and volatiles 
were stripped during 4 min and cryo-trapped at the temperature of liquid nitrogen (-196ºC). 
The trapped gases were desorbed with hot water (ca 70°C) and introduced into the gas 
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chromatography system for analysis. Calibration was carried out by injecting known amounts 
of gaseous DMS released by a permeation tube and diluted in helium flow. Interpolation on 
linear log(peak area)/log(DMS mass) plots allowed quantification. Note that there was no 
filtration of the sample, so that particulate and dissolved DMSP, and dissolved DMS, were all 
measured at once. Quantitative distinction between the dissolved and the particulate pools of 
DMSP is problematic due to filtration artifacts that easily result in overestimation of the 
dissolved fraction and underestimation of the particulate fraction (Kiene and Slezak 2006). 
Anyway, the ‘total DMSP’ pool measured in this study can be approximated to particulate 
DMSP, based on the fact that dissolved DMSP and DMS concentrations are generally very 
small with respect to particle-associated DMSP (Keller and Korjeff-Bellows 1996, Hatton and 
Wilson 2007), even under conditions of oxidative stress (Sunda et al. 2002).  
A non-axenic culture was used to test whether turbulence could alter the dynamics of DMSP 
biosynthesis. On the one hand, we do not think bacteria behaved as competitors for inorganic 
nutrients, as their numbers did never exceed 105 cells·mL-1, and the phytoplankton cultures 
were growing exponentially and never reached the stationary or senescence phases. On the 
other hand, however, DMSP lyase has been described also in bacteria; therefore, their 
presence could have somehow influenced our results. However, there is no obvious 
mechanism through which bacterial activity could explain the observed DMSP variations 
among diel cycle phases and/or tested treatments. We think that the observed changes in the 
DMSP concentration were mediated by the response to turbulence by A. minutum. Besides it, 
we also suggest that further experimental tests using axenic dinoflagellate cultures should be 
conducted to confirm the observed results. 
Statistical analyses were performed using Systat 11 for PC (Systat Software Inc., Point 
Richmond, CA, USA). Comparison of time courses of the different parameters between 
treatments was done using the non-parametric Kruskal-Wallis test (Motulsky 2003). Net 
growth rates were compared by testing for the heterogeneity of slopes (analysis of 
covariance). 
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RESULTS 
The Still population grew exponentially along the experiment (Fig. 4.1a), with a net growth 
rate of 0.37 ± 0.005 d-1 (r2= 0.988, n = 12). The development of the Turbulent population 
slowed down after turbulence started on day 3 (t3). The growth rate of the Turbulent cultures 
was 0.20 ± 0.01 d-1 (r2 = 0.95, n = 10), i.e. a 55% than that of Still ones. At the end of the 
experiment on day 7, the final cell abundances of the Turbulent treatment (5800 ± 100 
cells·mL-1) was ca. the 46% of the Still (12525 ± 525 cells·mL-1) numbers. The average 
cellular volume increased by 38% (from 3124 µm3·cell-1 to 4869 µm3·cell-1) in both 
treatments before the application of turbulence (from t0 to t3, Fig. 4.1b). This was probably 
due to cell acclimation after being transferred to the new culture medium, although no effect 
on cell abundances (lag phase) was detected. Later, the cells in the Still cultures decreased 
their mean biovolume, attaining values on day 6 similar to those of t0. Oppositely, the 
Turbulent cultures increased their cellular volume from t4 to t7, reaching values near 5000 
µm3·cell-1 at the end of the experiment. However, the biomass of the cultures, expressed as 
total biovolume per mL of culture (Fig. 4.1c), was more influenced by changes of cell 
abundances over time (Fig. 4.1a) than by changes in cellular biovolume (Fig. 4.1b).  
Over the experiment, the DMSP concentration in the cultures (DMSP·mL-1) increased 
exponentially (Fig. 4.1d). The DMSP measurements on t0 and t3, i.e., before the application of 
shaking in the corresponding balloons, indicated that the temporal trends in the DMSP 
concentration were similar in the four experimental containers. During the shaking period (t3-
t7), the DMSP concentration increased at a rate of 1.37 µmol·mL-1·d-1 (n = 10), not 
significantly different from the increase in the Still treatment (1.55 µmol·mL-1·d-1, p = 0.160, 
n = 10). Normalization of DMSP concentration to cell counts, however, revealed clear 
differences (Fig. 4.1e). During the first three days, before turbulence, slight increases of 
DMSP per cell were detected in all experimental flasks. Thereafter, it dropped suddenly from 
967 fmol DMSP·cell-1 to 687 fmol DMSP·cell-1 from t4 to t6 under Still conditions, while in 
the Turbulent ones it increased since agitation started and attained 1322 fmol DMSP·cell-1 at 
the end of the experiment. Because cell volumes had varied along the experiment (Fig. 4.1b), 
the changes in DMSP concentration per biovolume were also calculated and plotted (Fig. 
4.1f). This parameter decreased from 0.26 ± 0.01 to 0.20 ± 0.01 fmol DMSP·µm-3 between t0 
and t3, as a result of biovolume enlargement. Over the rest of the experiment, the 
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concentration of DMSP was almost constant under Still conditions (0.22 ± 0.01 fmol 
DMSP·µm-3, n=10), whereas exposure to turbulence caused an immediate increase and a 
subsequent stabilization until the end of the experiment. Overall, the DMSP concentration in 
the shaken cultures was about 0.27 ± 0.03 fmol·µm-3 (from t4 to t7), significantly higher 
(Mann-Whitney U test = 1.000, p = 0.001, n = 16) than in the control flasks. 
 
Diel cycle. Alexandrium minutum division under still conditions occurred preferentially over 
the dark period (from 12:00 to 24:00 h, Fig. 4.2a), and cellular growth took place during the 
light hours (from 0:00 to 12:00, Fig. 4.2b). Indeed, considering the 24 h period, cell 
abundances increased by 77% (Fig. 4.2a), the average cell volume augmented from 3326 
µm3·cell-1 to 4152 µm3·cell-1 during the first 12 h (Fig. 4.2b), and returned thereafter to the 
initial values.  
As expected from previous experiments (Bolli et al. 2007, Llaveria et al. 2009), turbulence 
altered the division and growth patterns observed under stillness. Under agitation, the increase 
in cellular abundances was slowed down (Fig. 4.2a) with cell abundances increasing only in a 
35% of the initial value. During the light hours (0:00 to 12:00 h) the average cellular volume 
augmented from 3976 ± 39 µm3·cell-1 to 4607 ± 43 µm3·cell-1, and stabilized during the dark 
period, i.e. it did not return to the initial values as observed in the control cultures. An 
increase in total cell volumes was detected only during the day, stopped at sunset and 
remained near zero during the night (Fig. 4.2b).  
The total biomass of the cultures (Fig. 4.2c) was linked to the cell abundances (Fig. 4.2a) but 
modulated by the changes in their biovolume over time (Fig. 4.2b). The DMSP concentration 
in the cultures was similar in the four balloons at the beginning of the intensive sampling, on 
day 5 at 0:00 h (Fig. 4.2d), after two days of agitation.  
Over the diel cycle, the estimated values were slightly but significantly larger in still 
conditions than under turbulence (U = 219, p = 0.015, n = 52). In both treatments, the 
modulation of the concentration was phased to the L:D cycle. The DMSP concentration 
increased in the Still and Turbulent cultures mainly during the light period, with a rate in the 
Turbulent cultures (0.15 µmol·mL-1·h-1, r2 = 0.919) that was 68% that of the still ones (0.22 
µmol·mL-1·h-1, r2 = 0.913). During the dark period, an important slow down of the rates was 
observed: DMSP concentration increased in Turbulent cultures at 0.06 µmol·mL-1·h-1 (40% of  
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Figure 4.1: Temporal changes in the different parameters estimated in the two treatments Still and Turbulent. a) 
Corresponds to the temporal changes in cell abundances. b) Represents the biovolume dynamics.  c) Shows the 
total cellular volume per mL of culture. d) Illustrates the DMSP concentration in the culture, while e) and f) 
display the DMSP per cell and per biovolume, respectively. Vertical bars indicate the standard error of the mean 
(n = 2), and "T" indicates the beginning of turbulence in the corresponding flasks on day 3. 
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the respective value during light period), and at 0.04 µmol·mL-1·h-1 in the Still ones (18% of 
the respective value during light period). Regarding the DMSP concentration per cell over the 
diel cycle (Fig 4.2e), its variation paralleled those described on cell volume (Fig. 4.2b). When 
the intensive sampling began, the DMSP concentration per cell was clearly higher in cells 
under turbulent conditions than in those under stillness (Fig. 4.2e). It increased during the 
light hours in both treatments, attaining a maximum at sunset in the Still (1037 ± 15 fmol·cell-
1) and two hours before in the Turbulent (1404 ± 71 fmol·cell-1). During the dark phase, the 
concentrations decreased and, at the end, the cells from the Still cultures had recovered their 
initial values (around 600 fmol·cell-1). However, the Turbulent cells maintained their DMSP 
throughout the dark period until the sunrise, although a dynamic change was detected near the 
sunset (Fig. 4.2e, from 12:00 to 16:00). A similar pattern was observed when the cellular 
biovolume was considered (Fig. 4.2f). During the light period, the DMSP content per 
biovolume increased at 5.4·10-3 fmol·µm-3·h-1 in the Still treatment and at 2.7·10-3 fmol·µm-
3·h-1 in the Turbulent. Thereafter, during the dark period, the DMSP concentration per 
biovolume decreased in the control cultures, while under agitation it slowed down slightly, 
being always positive except in the dynamic change described around 12:00. 
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Figure 4.2: Temporal changes in the different parameters estimated over the diel cycle in the two treatments Still 
and Turbulent. a) Corresponds to the temporal changes in cell abundances. b) Represents the biovolume 
dynamics.  c) Shows the total cellular volume per mL of culture. d) Illustrates the DMSP concentration in the 
culture, while e) and f) display the DMSP per cell and per biovolume, respectively. Vertical bars indicate the 
standard error of the mean (n = 2). The shady areas represent the dark period during the diel cycle.
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DISCUSSION 
The aim of this study was to investigate whether the DMSP concentration in 
Alexandrium minutum cultures was influenced by turbulence. Our results showed 
significant increases in DMSP concentration (either expressed as per cell or per 
biovolume) under turbulent conditions compared to the still controls. In the unshaken 
cultures, the DMSP showed an oscillating dynamics, increasing during the light hours 
and decreasing during the night period. Under turbulence, DMSP concentration 
increased also during the light hours, but it accumulated in the cells during the dark 
period, coinciding with an alteration of the cell division process. Overall, the decrease in 
the net growth rate plus the slight increase in cell numbers produced by shaking resulted 
in the maintenance of relatively high DMSP concentration in comparison to the still 
conditions.  
In the present study, diel variations in the DMSP concentration were observed, with 
increases mainly occurring during the light period. This pattern could be linked to the 
role of DMSP and DMS in protection against oxidative stress (Sunda et al. 2002) by 
scavenging hydroxyl radicals and other reactive oxygen species that form as byproducts 
of photosynthesis (Foyer 1996). Moreover, Stefels (2000) argued than DMSP 
production can be regarded as an overflow mechanism when growth is unbalanced and 
there is a need for dissipating metabolic energy. The cell produces and releases 
compounds in order to continue other metabolic pathways. We detected here and in a 
previous work carried out in analogous experimental conditions (Llaveria et al. 2009) 
that small-scale turbulence caused an arrest of A. minutum cell division, which could be 
responsible for the increase in the DMSP synthesis observed under shaking. In fact, 
Gröne and Kirst (1992) argued that a build-up of the pool of methionine (the 
biochemical DMSP precursor) under stress (considered here senso lato, i.e., all 
conditions that reduce growth) resulted in an increase of DMSP production. In line with 
these previous studies, we suggest that DMSP biosynthesis increased in A. minutum as a 
response to stress induced by turbulence, leading to (perhaps transient) DMSP 
accumulation in the cells.  
The biosynthesis of DMSP has been studied in dinoflagellates, both heterotrophic 
(Crypthecodinium cohnii) and photosynthetic (Gonyaulax polyedra, Amphidinium sp. 
Chapter 4 
104 
and Pyrocystis lunula) and, as noted above, the hypothetical proposed pathway begins 
with methionine. Nakamura et al. (1992, 1997) showed that gonyauline and gonyol 
receive a methyl group from methionine via DMSP in G. polyedra. Gonyauline (cis-2-
(dimethylsulfonio)cyclopropane carboxylate) is a zwitterionic S-compound produced by 
the dinoflagellate Gonyaulax polyedra that is involved in the regulation of the 
bioluminescent circadian rhythm (Roenneberg et al. 1991, Nakamura et al. 1992). 
Gonyol (3S-5-dimethylsulfonio-3-hydroxypentanoate) was identified in several 
dinoflagellates (Nakamura et al. 1993, 1997) and it is also believed to play a role in 
circadian rhythm regulation. DMSP thus appears to also be involved in the regulation of 
the circadian rhythms (Nakamura 1993, 1997, Miller 2004, Ratti and Giordano 2008). 
Such rhythms are the key regulators of many physiological and behavioural features of 
dinoflagellates, including cell division. Small-scale turbulence alters the dinoflagellate 
cell division rhythm, arresting the G2/M phase in A. minutum (Llaveria et al. 2009). The 
division process alteration could be strongly linked to the modulation of DMSP 
synthesis by turbulence. To clarify this link and to establish the temporal ranking of 
each of these elements (DMSP increase and cell division cycle alteration) that constitute 
the cascade of events induced by turbulence in the dinoflagellate cells should be part of 
future studies. 
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ABSTRACT 
Some dinoflagellate species have shown different physiological responses to certain turbulent 
conditions. Here we investigate how two levels of turbulent kinetic energy dissipation rates 
(ε = 0.4 and 27 cm2 s-3) affect the PSP toxins and ecdysal cyst dynamics of two bloom 
forming species, Alexandrium minutum and Alexandrium catenella. The most striking 
responses were observed at the high ε generated by an orbital shaker. In the cultures of the 
two species shaken for more than 4 days, the cellular GTX(1+4) toxin contents were 
significantly lower than in the still control cultures. In A. minutum this trend was also 
observed in the C(1+2) toxin content. For the two species, inhibition of ecdysal cyst 
production occurred during the period of exposure of the cultures to stirring (4 or more days) 
at any time during their growth curve. Recovery of cyst abundances was always observed 
when turbulence stopped. When shaking persisted for more than 4 days, the net growth rate 
significantly decreased in A. minutum (from 0.25 ± 0.01 day-1 to 0.19 ± 0.02 day-1) and the 
final cell numbers were lower (ca. 55.4%) than in the still control cultures. In A. catenella, the 
net growth rate was not markedly modified by turbulence although under long exposure to 
shaking, the cultures entered earlier in the stationary phase and the final cell numbers were 
significantly lower (ca. 23%) than in the control flasks. The described responses were not 
observed in the experiments performed at the low turbulence intensities with a vertically 
oscillating grid system and with a Couette, where the population development was favoured 
or unaltered. In the grids setup, cells appeared to escape from the zone of the influence of the 
grids and concentrated in calmer thin layers either at the top or at the bottom of the 
containers. In the Couette cylinders, they were also concentrated at the bottom. This 
ecophysiological study provides new evidences about the sensitivity to high levels of small-
scale turbulence by two life cycle related processes, toxin production and encystment, in 
dinoflagellates. This can contribute to the understanding of the dynamics of those organisms 
in nature. 
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INTRODUCTION 
Many laboratory studies have investigated the sensitivity to small-scale turbulence by 
phytoplankton (reviews by Thomas et al. 1997, Peters and Marrasé 2000, Berdalet and 
Estrada 2005). Dinoflagellates appear as the group showing a diversity of particular responses 
to this, not well understood yet, environmental factor. The available data indicate that the 
direct effect of turbulence is species-specific and dependent on the experimental conditions 
(Berdalet and Estrada 1993, Sullivan and Swift 2003, Berdalet et al. 2007), although direct 
comparison between studies is not straightforward (Peters and Marrasé 2000). Some works 
have found positive (or indifferent) biological responses (Berdalet and Estrada 1993, Sullivan 
and Swift 2003, Havskum et al. 2005, Havskum and Hansen 2006). Many others reported 
negative effects that, in general, point to the interference of small-scale turbulence with cell 
division and life cycle processes (including migration) (e.g. Berdalet 1992, Pollingher and 
Zemel 1981, Yeung and Wong 2003). 
This kind of experimental studies have been inspired on the observation that the occurrence of 
dinoflagellate red tides is favoured by relatively calm weather and water column stability 
coinciding with particular water circulation patterns (e.g., Wyatt and Horwood 1973, 
Margalef et al. 1979, Pollingher and Zemel 1981, Berman and Shteiman 1998) although they 
also develop in frontal zones (Estrada and Blasco 1979, Smayda and Reynolds 2001). Given 
the ecological and socioeconomic importance of dinoflagellate blooms, it is important to 
study the different factors that can modulate their dynamics. Although the laboratory 
approaches will never mimic nature, they can help to ascertain the underlying mechanisms of 
cell responses to particular factors that cannot be separated from the rest of forcings in the 
field. 
The aim of the present study was to increase the information on the sensitivity to small-scale 
turbulence of two red-tide forming dinoflagellates, Alexandrium catenella (Whedon and 
Kofoid) Balech and Alexandrium minutum Halim, with special emphasis on the modulation of 
toxin and cyst production dynamics. The two organisms are reported to bloom in coastal areas 
(e.g. Halim 1960, Delgado et al. 1990, Honsell et al. 1995, Hallegraef et al. 1998, Vila et al. 
2001a, b). A previous study combining both field and laboratory work (Sullivan et al. 2003), 
hypothesized that A. catenella actively concentrated at depths with low turbulence and shear. 
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In another experimental study (Berdalet et al. 2007), high turbulence intensity decreased the 
growth of A. minutum and interfered somehow with cyst production, although a clear 
conclusion was not drawn and the authors mentioned the need of further tests. Dinoflagellates 
have complex life cycles that include alternation of resting stages (cysts senso lato) and 
vegetative cells, with benthic or planktonic phases, respectively (e.g. Wyatt and Jenkinson, 
1997, Garcés 2002). In turn, cysts can be sexually formed from the fusion of haploid gametes 
(producing a diploid planozygote that subsequently undergoes encystment) or asexually from 
ecdysis of a vegetative cell (loss of flagella and cell wall). In general, sexually and asexually 
formed cysts are considered, respectively, resting and temporary cysts. Different factors can 
trigger encystment and excystment after latency, but the mechanisms involved and the role of 
cysts in the dynamics of blooms in nature are not well understood. Both, A. minutum and A. 
catenella are heterothallic species (Yoshimadzu 1984, Figueroa et al. 2007) and are reported 
to produce ecdysal cysts in clonal strains. Further, exposure to small-scale turbulence has 
been reported to cause poor sexual encystment in A. tamarense (Anderson and Lindquist 
1985), inhibition of sexual cyst production in Akashiwo sanguinea (Tynan 1993, as indicated 
in Thomas et al. 1997) and in Scrippsiella lachrymosa (Smith and Persson 2005), and 
increase of cellular toxin content in A. fundyense (Juhl et al. 2001). 
In this study we chose two experimental setups that were used previously in other studies 
performed in our laboratory with A. minutum and other species (Berdalet 1992, Berdalet and 
Estrada 1993, Havskum et al. 2005, Llaveria et al. 2009) with the aim of allowing direct 
comparison between data. High turbulence was produced in 4 L spherical flasks containing 3 
L of medium agitated by an orbital shaker. This setup and shaking intensities guaranteed 
turbulent conditions in the whole container and provided the large volumes needed for the 
appropriate sampling of biological parameters (in particular, toxin concentration) while at the 
same time allowed direct comparison to previous experiments. A lower level of turbulence 
intensity was achieved with a vertically-oscillating grid system on 2 L cylindrical vessels and 
with a 2.6 L Couette device. 
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MATERIALS AND METHODS 
The clonal strain of Alexandrium minutum (strain IEO - AL1V) was provided by the Vigo 
Oceanographic Center (Spain) and that of Alexandrium catenella (isolated by Dr. M. Delgado 
from the Tarragona Harbor, NW Mediterranean) belongs to the ICM culture collection. Non-
axenic stock and experimental unialgal cultures were maintained in a temperature controlled 
room under identical temperature (20 ºC ± 1 ºC), irradiance (120 µmol photon m-2 s-1, 12:12 h 
LD cycle, light period starting at 08:00 AM) and culture media (f/2-enriched seawater without 
silicate addition, Guillard 1975; seawater of salinity 38 obtained from Blanes Bay -NW 
Mediterranean-, 1 km offshore at a 5 m depth). 
Turbulence was generated with either an orbital shaker, a vertically oscillating grid system or 
a Couette device. Their corresponding images are represented in the Introduction of the thesis 
(Fig. I.4). The orbital shaker was operated at 120 rpm and a displacement of 30 mm. We used 
4 L spherical (Florence) flasks (containing 3 L culture medium). An average ε of 27 cm2 s–3 
(2.7·10-3 Watt kg-1) was calculated from the equation log10 ε = -8.667 + 5.05 F, where F is 
frequency in Hz. This equation was derived from data acquired with a side-looking acoustic 
Doppler velocimeter (NDVlab, Nortek AS, Rud, Norway) for a range of oscillating 
frequencies and positions within the flask (Guadayol et al. 2009). The power spectra from the 
velocity time series were analysed to calculate ε using the linear regression method developed 
by Stiansen and Sundby (2001). The oscillating grids device, as described by Dolan et al. 
(2003), was designed by one of us (F. Peters). The grids were made of stainless steel coated 
with a plastic polyamide, had a diameter of 11.9 cm, a 0.38 cm bar thickness and a mesh size 
of 1.42 cm. We used 2-L cylindrical Plexiglas containers, an oscillating frequency of 9.1 rpm 
and a stroke of 10 to 11 cm. An average ε of 0.4 cm2 s-3 (4·10-5 Watt kg-1) was calculated 
following Peters and Gross (1994), considering a drag coefficient of 0.7 for the grid.  The 
Couette cylinders were made of Plexiglas. The outer cylinder, with a diameter of 193 mm and 
370 mm in height, was fixed, and the velocity of the inner one, with a diameter of 160 mm, 
could be adjusted as necessary. The width of the gap between the two cylinders was 16.5 mm, 
and at the bottom the separation was as small as possible. 2.6 L of culture medium filled the 
gap between the two cylinders. Rotation of the inner cylinder was maintained constant at 5 
rpm with a motor (28.41, 24V, Kelvin) and a reductor gearbox (K5, Kelvin).  The calculations 
of the hydrodynamic parameters were performed following Juhl et al. 2000. In our 
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experiments the generated shear stress was estimated to be about 0.003 N·m-2, corresponding 
to an ε of 8.5·10-8 cm2 s-3 (8.5·10-12 Watt kg-1). 
Experimental vessels were inoculated after several transfers of exponentially growing stock 
cultures to new media. The initial cell concentration was around 400 cells·mL-1 for A. 
minutum and 65 cells·mL-1 for A. catenella. The cultures were allowed to reach exponential 
phase before turbulence was started. Turbulence was applied during the exponential phase 
(Exponential), the stationary phase (Stationary) or during both phases (Always) of the growth 
curve (Table 5.1). In each experiment, two flasks remained under still conditions throughout 
the entire experiment (Control). All treatments were done in duplicate except on the Couette 
experiments, whose only one system was available and thus no duplicates existed. The 
response of A. catenella to the turbulence generated by the orbital shaker was studied in two 
experiments (Table 5.1). In the first one, 4 treatments were applied and only samples for 
microscopic observations were obtained. In the second one, with only two treatments 
(Control and Always), we also sampled for toxin analyses. The effects of turbulence generated 
by the Couette system were only studied on A. catenella, with two treatments (Control and 
Always). To minimize the removed volume, samples were only taken for determination of cell 
and cyst abundances (i.e. 10 mL per day); thus, it was not possible to sample for toxin 
analysis. Samples for microscopic cell observations and toxin analyses were taken at noon 
(12:00 PM). Because cells showed heterogeneous distributions in the flasks it was necessary 
to carefully mix them in order to obtain representative samples. The spherical still flasks were 
gently swirled and all the 2 and 2.6 L cylinders (shaken or not) were turned upside down 10 
times. 
Cell abundances were estimated using a Sedgwick-Rafter or a sedimentation chamber 
(Utermöhl, 1958), depending on the cell density of the sample, after fixation with Lugol´s 
iodine solution. Net exponential growth rates, µ (day-1), as defined by Guillard (1973), were 
calculated as the slope of the regression line of ln(N) versus time (t), where N was the 
estimated cell concentration. Cyst identification was based both on the external morphology 
and subsequent staining of a subsample with Calcofluor White M2R (Fritz and Triemer, 
1985). For paralytic shellfish toxin (PSP) analysis, 100 to 300 mL of culture were required for 
detection. Due to this required sample volume, sampling could only be done at the beginning 
(from the mother culture) and at the end in the 2 L vessels of the vertically oscillating grids 
setup. The samples were concentrated by vacuum filtration (-25 kpa) onto 25 mm GF/F filters 
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(Whatman, Kent, UK). Filters were subsequently blotted on filtration paper until no humidity 
was observed in the latter (Latasa et al. 2001), wrapped in aluminium foil and stored frozen (–
25 °C) until extraction. The filters were extracted in 2.0 mL 0.05 M analytical-grade acetic 
acid, using an ice-cooled cell-homogenizer (Edmund-Bühler Vibrogen, Tübingen, Germany). 
Extracts were subsequently centrifuged (2355 g, 15 min at 5 °C) to remove cell debris and 
filter fragments. Particle-free aliquots (1.0 mL) were transferred to amber injection vials and 
stored cold (5 °C) in the HPLC auto-sampler until injection. Extracts of toxins were analyzed 
with the HPLC procedures described by Oshima (1995), based on post-column oxidation with 
periodic acid and fluorescence detection. Toxins were separated on an Agilent Technologies 
Zorbax-SB C8 (250 x 4.6 mm i.d.) column fitted with a BetaBasic C8 Javelin precolumn. The 
HPLC equipment (Thermo Separation Products, San José, CA, USA) was tested and 
calibrated with toxin standards obtained from the NRC (Hallifax, Canada), including 
GTX1&4-b, GTX2&3-b, STX-d, dcSTX, STXdiAc and Neo-b. Due to the lack of standards 
for N-sulfocarbamoyl-11-hydroxysulfate toxins (C1 to C4) these compounds were converted 
to their carbomate analogues with a hydrolization step (1 mL acetic acid extract plus 1 mL 
HCl 0.4N and boiled at 100ºC for 15 min), which were subsequently quantified during a 
second HPLC run. 
Comparison of treatments over time for the different parameters was done using the non-
parametric Kruskal-Wallis test (Motulsky 2003). Growth rates were compared by testing for 
the heterogeneity of the slopes (analysis of covariance). Statistical analyses were conducted 
with Systat 5.1.2 for MacIntosh. 
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RESULTS  
Table 5.1 summarizes the results of net growth rate and final cell numbers estimated in the 
different treatments for the 5 experiments. Note that the estimation of growth rates under still 
conditions include 4 replicates, corresponding to the 2 Control flasks and to the 2 vessels that 
were kept unshaken during the exponential period and subsequently stirred during the 
stationary one (i.e. Stationary treatment). Table 5.2 contains the statistics of the comparison 
of the toxin content and the percentage of cyst abundances between the different shaken 
treatments in each experiment with their corresponding Control. 
 
 
 
 
 
 
 
Table 5.1: Net exponential growth rates (µ, day-1) and final biomass yield (cells mL-1) in each treatment of the 5 
experiments performed in this study. "n" indicates the number of replicates considered for every calculation. For 
the estimations of µ we indicate the duration of the exponential growth phase (Expon. duration, days) considered 
for the calculations of the regression line and its associated standard error and adjusted multiple r2; "p" indicates 
the degree of significance of the heterogeneity of the slopes tests (analysis of covariance) run to compare the 
growth rate during the shaking period with that of the Control (unshaken) ones. A comparison between the final 
yield obtained at the end of each experiment under turbulent conditions and the still ones is indicated as the 
T/S% percentage. 
Table 5.2: Statistics of the comparison between the toxin content and the cyst abundances of each turbulent 
treatment with its corresponding still Control, for each of the 5 experiments performed in this study. U: Mann-
Whitney non-parametric analysis of variance; p: degree of significance; n: number of data included in the 
statistical test. The tests compared the data during the shaking period of each treatment and the corresponding 
days of the Control. However, in the experiments with the oscillating grids, the comparison of the toxin contents 
was done only on the last day of each experiment. 
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Table 5.1: 
  Effect on growth rate Effect on final cell 
Experiment Treatment Turbulence  n expon. µ err r2 p N cells·mL-1 err %T/S
Control None  4 5-13 0.25 0.01 0.983  2 8458 825  
Exponential 5-9  2 5-13 0.23 0.01 0.988 0.704 2 8142 258 96.3 
Stationary 11-15        2 7317 333 86.5 
A. minutum 
Orbital 
27 cm2s-3 
Always 5-21  2 5-13 0.19 0.02 0.945 0.000 2 4690 130 55.4 
Control None  2 0-10 0.26 0.01 0.994  2 7725 158  A. minutum 
Grids          
0.4 cm2s-3 
Always 4-14  2 0-10 0.28 0.01 0.986 0.077 2 9813 263 127.0
Control None  4 5-13 0.21 0.01 0.934  2 2228 597  
Exponential 4-8  2 5-9 0.21 0.01 0.899 0.375 2 2066 161 92.7 
Stationary 12-16        2 2047 522 91.9 
A. catenella 
Orbital 
shaker I      
27 cm2s-3 
Always 4-21  2 5-9 0.23 0.06 0.620 0.392 2 549 49 24.7 
Control None  2 0-10 0.23 0.02 0.954  2 3425 700  A. catenella 
O. shaker II 
27 cm2s-3 
Always 4-21  2 0-10 0.20 0.01 0.959 0.105 2 739 61 21.6 
Control None  4 0-11 0.31 0.01 0.970   2 4820 330  
Exponential 3-7  2 0-11 0.33 0.01 0.983 0.096  2 5016 4 104.1
Stationary 11-15         2 5625 1350 116.7
A. catenella  
Grids 
0.4 cm2s-3 
Always 3-20  2 0-11 0.35 0.01 0.991 0.001  2 7233 133 150.1
Control None  1 3-10 0.27  0.997   1 721   
Always 3-10  1 3-10 0.35  0.970 0.182  1 918  127.3
A. catenella  
Couette 
8.5·10-8cm2s-3               
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Table 5.2: 
   effect on Cx toxin Effect on GTX toxin Effect on % cysts 
Experiment Treatment 
Turbulent 
duration (d) 
U p n U p n 
 
U p N 
Control none           
Exponential 5-9 10.0 0.564 8 13.0 0.149 8  32.0 0.006 12 
Stationary 11-15 10.0 0.564 8 7.0 0.165 6  32.0 0.006 12 
A. minutum 
Orbital 
27 cm2s-3 
Always 5-21 83.5 0.505 28 151.5 0.014 28  196.0 0.000 28 
Control none           A. minutum 
Grids              
0.4 cm2s-3 Always 4-14 1.000 0.439 4 4.0 0.121 4  30.0 0.131 20 
Control none           
Exponential 4-8 no data no data  64.0 0.001 16 
Stationary 12-16        64.0 0.001 16 
A. catenella 
O. shaker I  
27 cm2s-3 
Always 4-21        467.0 0.000 44 
Control none           A. catenella 
O. shaker II 
27 cm2s-3 Always 4-21 130.5 0.001 24 134.0 0.000 24  215.0 0.000 30 
Control none           
Exponential 3-7 2.00 1.00 4 2.00 1.00 4  16.0 0.021 8 
Stationary 11-15 2.00 1.00 4 2.00 1.00 4  12.0 0.248 8 
A. catenella 
 Grids 
0.4 cm2s-3 
Always 3-20 3.00 0.431 4 3.00 0.431 4  142.0 0.598 32 
Control none           A. catenella 
Couette 
8.5·10-8cm2s-3 Always 3-10 no data no data  21.0 0.655 11 
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Fig. 5.1: a) Temporal changes in A. minutum cell numbers in the unshaken Control (white symbols) and the 
turbulence Always treatment (black symbols). The turbulence treatment was done with an orbital shaker between 
days 5 to 21 (Table 5.1). The temporal changes of the other two shaken treatments (Exponential and Stationary, 
Table 5.1) were not significantly different from those of the Control ones and are not shown for clarity. b) 
Temporal changes in the GTX(1+4) toxin content in the Control and the Always treatments. c-f) Temporal 
changes in ecdysal cysts abundances (expressed as percentage of the total cell numbers) in each treatment of the 
experiment. Vertical bars indicate the standard error of the mean, and the shaken period of each treatment is 
marked by the double arrow horizontal line. 
The toxin content of both, the A. minutum and the A. catenella strains, consisted mainly of the 
isomer pair GTX1 and GTX4, plus minor amounts of C1 and C2. At the beginning of the 
experiment with A. minutum its C(1+2) and GTX(1+4) contents were, respectively, 0.46 fmol 
cell-1 and 12 fmol cell-1. Those values peaked on day 5 and decreased afterwards with some 
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oscillations until the end of the experiment in all treatments. There were not significant 
differences (Table 5.2) between the contents of the two toxin estimated in the Control and in 
the flasks shaken during the exponential or the stationary phase, nor in the C(1+2) levels 
estimated in the Always treatments. Only the GTX content in the Always flasks was 
significantly lower (19.5 ± 2.2 fmol cell-1; n = 14; mean ± SEM) than in the Control (26.9 ± 
2.4 fmol cell-1, n = 14; Fig. 5.1b, Table 5.2). Overall, the range of the two toxins measured in 
A. minutum, considering the whole data set was 0.9 ± 0.05 fmol cell-1 and 21.3 ± 1.3 fmol 
cell-1 (n = 57).          
The toxin levels of A. catenella were several times higher than that of A. minutum (Figs. 5.2b 
and 5.2c). At the beginning of the experiment the C(1+2) and GTX(1+4) contents were, 
respectively, 26 fmol cell-1 and 156 fmol cell-1. As illustrated in Figs. 5.2b and 5.2c, the levels 
of the two toxins in this species were significantly lower (Table 5.2) in the Always treatments 
(109.2 ± 9.2 fmol cell-1 GTX(1+4) and 19.8 ± 1.9 fmol cell-1 C(1+2), n = 12) than in the 
Control (169.7 ± 9.2 fmol cell-1 GTX(1+4) and 32.6 ± 1.2 fmol cell-1 C(1+2), n = 21). 
Cyst abundances (expressed as % of the total cell numbers) tended to progressively increase 
in the A. minutum Control cultures from the exponential to the stationary phase (Fig. 5.1c). A 
sudden decrease in the cyst numbers were observed when the cells were shaken for 4 days 
either during the exponential (Fig. 5.1d) or stationary (Fig. 5.1e) phases. In those shaking 
periods, the percentage of ecdysal cysts was significantly lower compared to the 
corresponding days  (days 5-9 and 11-15, respectively) of the experiment in the Control 
(Table 5.2). Immediate restoration of cyst abundances occurred at the cessation of shaking in 
the two treatments. In the Always flasks, significantly lower cyst proportions remained during 
the whole agitation period (Fig. 5.1f, Table 5.2, U = 196.0, p = 0.0001, compared to the % of 
cysts from days 6 to 21 in the Control). 
The same general trend was observed in the two experiments with A. catenella. In the first 
experiment with this species, the cyst numbers in the Control flasks contributed 15.3% ± 3.1 
(n = 32) of the total cell numbers along the whole experiment. During the shaking periods, the 
percentage of cysts dropped significantly (Table 5.2) with values around 1.1% ± 0.3 (n = 8) in 
the Exponential, 7.8% ± 1.6 (n = 8) in the Stationary and 1.6% ± 0.3 (n = 26) in the Always 
treatments. A similar figure was found in the second experiment (Figs. 5.2d and 5.2e, Table 
5.2), concerning the Always and the Control cultures. 
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Fig. 5.2: Temporal changes in the cell numbers (a), the toxin content (b and c) and the ecdysal cyst abundances 
in the second experiment performed with A. catenella in the orbital shaker with only two treatments (Control 
and Always, Table 5.1). Vertical bars indicate the standard error of the mean, and the shaken period of each 
treatment is marked by the double arrow horizontal line. 
 
Experiments with the vertically oscillating grids 
Exposure to the low turbulence intensity generated by the vertically oscillating grids favoured 
the population development of the two species (Figs. 5.3a and 5.3b, Table 5.1). In the A. 
catenella experiment both, the net growth rate and the final cell numbers increased with the 
          Chapter 5 
 119
duration of the shaking period (Table 5.1). After two days of shaking, visual inspection of the 
containers seemed to point towards an accumulation of cells at the top and the bottom of the 
containers (Fig. 5.3a), suggesting that dinoflagellates could have possibly escaped turbulence 
since the grid did not reach the ends of the cylinders. At the bottom, the aggregation areas 
conformed to the geometry of the grids, i.e. with cells concentrated forming empty squares 
(Fig5.3b). Aggregates homogeneously distributed at the bottom of the cylinders were also 
observed in the still treatments, when they entered the stationary phase. 
 
 
Fig. 5.3: Aggregates detected at the bottom of the experimental containers. a) Bottom of container with a 
vertically oscillating grid after two days of shaking. b) Idem as a) but after some days of turbulence. c) Couette 
device. Arrows indicate the localization of cell aggregates. 
 
The experiments with grids showed inconclusive results concerning the cellular content of 
both GTX(1+4) and C(1+2), since samples could only be taken on the first and the last day 
(Figs. 5.4c and 5.4d). There were no significant differences between each shaken treatment 
and the unshaken ones on the last day of each experiment (Table 5.2). 
The dynamics of the cyst abundances was similar between the different treatments (Figs. 5.4e 
to 5.3h). In the unshaken Control (Figs. 5.4e and 5.4f) they remained below the 10% or the 
5% in A. catenella and A. minutum, respectively, and tended to increase (up to the 30% or the 
12%, respectively) when the cultures entered the stationary phase. In general, turbulence did 
not significantly modify this trend (Table 5.2), except in the Exponential treatment of the A. 
catenella experiment, where the cyst abundances were significantly lower than in the Control 
treatment during the shaking period (days 4-7, Table 5.2). When turbulence stopped, cyst 
abundances increased and reached similar levels than in the Control. 
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Fig. 5.4: Temporal changes in the different parameters estimated in the experiments performed with the 
vertically oscillating grids in A. minutum (a, c, e and g) and A. catenella (b, d, g and h). For simplicity, only the 
cell numbers and % cyst abundances of the Control and the Always treatments of the A. catenella experiment are 
shown; the description of the Exponential and Stationary cultures can be found in the text and in Table 5.2. a) 
and b) correspond to the temporal changes in cell numbers. c) and d) show the cell concentration of the C(1+2) 
and the GTX(1+4) on the first day and at the end of each experiment. e) and f) display the changes in the cyst 
abundances of the still Control and g) and h) correspond to the Always treatments. Vertical bars indicate the 
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standard error of the mean, and the shaken period of each treatment is marked by the double arrow horizontal 
line.  
Experiments with the Couette device 
Shear stress generated by the Couette favoured the population development of A. catenella 
(Fig. 5.5a, Table 5.1). The net growth rate and the final cell numbers increased under flow 
exposure (Table 5.1). Aggregates distributed at the bottom mainly near the axis of the 
cylinders were also observed in the Always treatment (Fig. 5.3b). This suggests that 
dinoflagellates could have possibly escaped turbulence since shear could have minimum 
values in the gap below the inner cylinder.           
The dynamics of the A. catenella cysts abundances was similar in the two treatments (Figs. 
5.5b and 5.5c). In the unshaken Control (Fig. 5.5b) they remained below the 6% and tended to 
increase from day 10 to the end of the experiment. Shear did not significantly modify this 
trend (Fig. 5.5c, Table 5.2) and cyst abundances in sheared treatment reached similar levels 
than in the Control. 
                        
Fig. 5.5: Temporal changes in the different parameters estimated in the experiments performed with the Couette 
in A. catenella. a) corresponds to the temporal changes in cell numbers. b) shows the changes in the cyst 
abundances of the still Control and c) displays the Always treatments. The shaken period is marked by the 
double arrow horizontal line. 
Chapter 5 
122 
DISCUSSION 
The shear stress and the associated ε generated by the Couette device were low, 8.5·10-8 cm2 
s-3 (8.5·10-12 Watt kg-1), corresponding to relative calm waters. The experiments using the 
vertically oscillating grids were performed at ε intensities (ca. 0.4 cm2 s-3) considered to 
naturally occur in the upper 10 m of the ocean under storm events (MacKenzie and Leggett 
1993, Kiørboe and Saiz 1995, Petersen et al. 1998). The much higher ε generated in the 
orbital shaker (27 cm2 s-3) would be even higher than those associated with intense wind 
conditions (>20 m s-1, Granata and Dickey 1991, MacKenzie and Leggett 1993, Kiørboe and 
Saiz 1995), and would only be experienced by cells in the surf zone or rocky intertidal. Our 
experimental values of ε were large, both in intensity and persistence, compared to 
Mediterranean turbulence events (Guadayol and Peters 2006), although 4-day sustained 
events of 0.4 cm2 s-3 do occur sometimes. Thus we chose this duration for some experimental 
conditions during either the exponential or the stationary phase of the growth curve. The 
physiological responses at this time scale also served to compare with the trends under still 
control conditions and under longer periods of exposure to shaking (16-17 days). The 
turbulence generated is also qualitatively different for each laboratory setup as it is different 
from field turbulence (Peters and Redondo 1997). With their limitations, but also with their 
particular advantages, these experimental conditions may help to ascertain the underlying 
mechanisms of cell adaptations. The following discussion is developed within a physiological 
context with no aim to directly extrapolate to nature.  
Both the net growth rates and the final cell numbers of the two species increased when mixed 
at the lowest ε intensity with the Couette cylinders and also with the vertically oscillating 
grids for 4 or more days. With the same setup and similar experimental design and turbulence 
conditions, different species-specific responses have been observed: while the net growth 
rates of Oxyrrhis marina (Havskum 2003) and of Ceratium tripos (Havskum et al. 2005) 
decreased, the one of Fragilidium subglobosum was not affected (Havskum et al. 2005) and 
that of Heterocapsa triquetra was favoured (Havskum and Hansen 2006). In this last study, 
those authors suggested that turbulence facilitated gas exchange and avoided excessive pH 
increase in the experimental vessels allowing higher cell numbers than in the still flasks. This 
mechanism could have operated also in our experiments, where the two species concentrated 
either at the top or the bottom of the cylinders where the grids did not pass. There, cells could 
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proceed with their life cycle relatively undisturbed, including cyst formation (see below). 
Given that dinoflagellates managed to escape from the mixed zone, we cannot conclude that 
low turbulence stimulated dinoflagellate growth nor suggest any hypothesis for natural 
conditions. The noticeable result here is that the two species were likely sensitive to the tested 
turbulence intensity, as they swam away from it and chose preferentially calm zones. 
In contrast, it is not possible to escape from the turbulence generated by the orbital shaker. 
However, the decrease in the net growth rate in A. minutum and the lowest final numbers in 
the two species were only observed when shaking lasted for more than 4 days. Those trends 
were similar to those described in previous studies with A. minutum under similar 
experimental conditions (Berdalet et al. 2007) and with A. catenella conducted at ε of ca. 10-4 
and ca. 1 cm2 s–3 generated by horizontal rods oscillating in 20-L tanks (Sullivan and Swift 
2003). In the two studies, shaking lasted for 1-2 weeks. Overall the data indicate that even the 
highest intensities and persistence levels of turbulent conditions that can be generated 
naturally, would have no lethal effects on our tested dinoflagellates. 
The most immediate response was the decay of ecdysal cyst abundances when the cultures 
were intensively shaken for only 4 days, and the subsequent and fast recovery once turbulence 
stopped. The persistence of significantly lower asexual cyst numbers in the cultures shaken 
for more than 4 days confirmed this trend. Those results agree with previous studies 
(Anderson and Lindquist 1985, Smith and Persson 2004, 2005). Magnetic stirring for up to 
one month of Scrippsiella lachrymosa and Alexandrium fundyense cultures prevented their 
sexual encystment. Once stirring was stopped, dinoflagellates resumed their regular mating 
behaviour. Turbulence would have denied them the stability for this process, without 
alteration of their physiological capacity to encyst. Smith and Persson (2004) suggested that 
sexual cyst formation would require a surface or boundary layer to facilitate the gamete 
meeting and initiation of mating. Subsequently, during the cyst formation, the cell wall gets 
stickier and zygotes sink to the bottom (of the container) or to the sediment. Although we are 
dealing here with asexual ecdysal cysts of A. minutum and A. catenella, a similar mechanism 
of interference by turbulence could also be acting. In nature, a certain degree of stability is 
usually associated with the outbreak, development and maintenance of dinoflagellate blooms 
(e.g. Margalef et al. 1979, Berman and Shteiman 1998, Smayda and Reynolds 2001) and 
dinoflagellates selectively accumulate in thin layers (e.g. A. catenella as observed by Sullivan 
et al. 2003). In our present study, the inhibition of the net population development observed in 
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A. catenella and A. minutum during the long exposure to high turbulence intensities could be a 
combination of a direct alteration of the vegetative cell division and the interference with the 
ecdysal cyst formation. Our observation also indicates that high turbulence was not a factor 
that induced the asexual encystment of these two species. On the contrary, ecdysal cysts must 
be an essential phase of the life cycles of these organisms playing a major role in population 
dynamics of certain dinoflagellates and requiring stability of the water column to proceed. 
 
In this study, the toxin concentration in the cultures exposed to high turbulence levels was 
significantly lower than in the control treatment, when expressed in a per cell basis. Likely, 
the same and even more consistent trend would have been obtained if expressed as toxin 
content per biovolume, suggesting that toxins contributed less to the total cell biomass under 
turbulence. Microscopic visual inspection indicated that the cell size of the A. minutum and A. 
catenella shaken cells was higher than that of the control ones. Unfortunately, biovolume 
estimations were not performed in these experiments. Such measurements were made 
however under similar conditions, for instance, in chapter 4, focused on DMSP production by 
A. minutum. There, the growth rate of the shaken cultures was a 55% of the Control ones as 
here. Concurrently, the agitated cells increased their cellular volume and, after 4 days of 
turbulence, it reached up to ca. 5000 µm3·cell-1, i.e. approximately 1.6 times the 
corresponding values on Still conditions (3100 µm3·cell-1, Fig. 4.1b). Note that only on day 4, 
the GTX(1+4) content expressed as a per cell basis was not significantly different in the 
Control and Always treatments (t9, Fig. 5.1b), i.e. near 27 fmol·cell-1. If this response 
regarding cell biovolume would have occurred also in the A. minutum cultures of the present 
chapter, the toxin content per volume unit would have been 8.7·10-3 fmol GTX(1+4)·µm3 in 
the Control cells and 5.4·10-3 fmol GTX(1+4)·µm3 in the Always ones. So, regarding toxin 
concentration per unit of volume, the effect of turbulence was more noticeable than per cell. It 
could be expected that also in A. catenella the toxin content per biovolume would have 
displayed the similar trend.  
Overall, the results in the two experiments with the orbital shaker are opposite to those 
observed in A. fundyense experiments by Juhl et al. (2001). These authors found an increased 
cellular toxin content concurrent to a decreased (negative) growth rate when this species was 
exposed to 0.1 cm2·s–3 in Couette devices. Likely, differences in the experimental setup and 
conditions and studied species must be involved in the observed divergent results. Note that 
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the growth of A. catenella was not affected when exposed to the same shear stress values 
generated in our Couette system. Likely, it is still too soon to draw general conclusions on the 
effect of turbulence on toxin production by dinoflagellates. More experiments should be done 
on more species and under different conditions (including the interaction with nutrients). This 
also concerns the life cycle of this group. Certainly, such detailed studies will shed further 
light to understand the dynamics of this phytoplankton group in nature. 
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ABSTRACT 
Small-scale turbulence and parasite infection are two important factors that govern the 
dynamics and fate of phytoplankton populations. We experimentally investigated the 
influence of turbulent mixing on the infectivity of the parasite Parvilucifera sinerae on 
dinoflagellates. Natural phytoplankton communities were collected during three 
different stages of a bloom event in Arenys de Mar harbour (NW Mediterranean). The 
15-60 µm size fraction was used as inoculum and distributed into spherical flasks. Half 
the recipients were exposed to turbulence using an orbital shaker while the other half 
was kept still. In the three experiments, the dinoflagellate assemblage was mainly 
contributed by Prorocentrum micans, Scrippsiella trochoidea and Alexandrium 
minutum. 
We observed a collapse of the populations of A. minutum and S. trochoidea in the 
unshaken flasks which coincided with a marked increase in the infectivity by the 
parasite. Pellicle cyst formation by A. minutum, specially high under stillness, was not a 
life stage effective to avoid infection for this species. After a short exposure to turbulent 
conditions, the development of the dinoflagellate populations slowed down and 
stabilized as expected. Nevertheless, in the shaken treatments the infectivity was much 
lower and the decay in the host cells numbers was delayed compared to the still ones. 
The degree of interference of turbulence with the parasite infection varied along the 
three experiments, likely due to differences in the cell abundances and physiological 
state of the dinoflagellates. 
Results from a simple numerical infectivity model suggest that turbulence could lead to 
a 25-30% decrease in the maximum infection rate, possibly due to a more disperse host 
population and also due to reduced host-parasite contact times. Turbulence may thus 
only be effective at delaying the initial infection but not at preventing it. 
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INTRODUCTION 
A harmful algal bloom (HAB) is commonly defined as an increase of planktonic algal 
cells resulting from growth and/or physical accumulation, that may cause harm through 
the production of toxins and/or through excessive biomass of the causative species 
(GEOHAB 2001, Anderson et al. 2002). In coastal and confined waters, HABs are a 
common phenomenon and a constant stimulant for research due to their effects on 
public health, the structure and functioning of marine ecosystems, and the sustainability 
of living marine resources. Despite the ubiquity of HABs, little is known about the 
factors that govern the proliferation, dominance, and decline of particular species or 
taxons that become noxious.  The difficulty lies in the fact that the dynamics of HABs is 
regulated by a diversity of biotic and abiotic factors, as well as their interactions. In 
general, physical factors such as hydrodynamic and meteorological forcings can lead to 
the accumulation or dispersal of algal cells by advection. Also, turbulent processes 
modify phytoplankton sinking and buoyancy patterns, exposure to light and nutrient 
availability, and contribute to the selection of ‘life forms’ (Margalef 1978). 
Superimposed, nutrient stoichiometry could determine the relative dominance of 
dinoflagellates or diatoms in a bloom, while the availability of certain organics (e.g. 
Gagnon et al. 2005, Loureiro et al. 2009) or minor elements may facilitate the selection 
of particular organisms. At small scales, turbulence directly affects different 
physiological processes of phytoplankton cells (e.g. nutrient incorporation) that may 
influence the size and species composition of the community (e.g. Kiørboe 1993, 
Estrada and Berdalet 1997, Arin et al. 2002, Maar et al. 2002). Several studies have also 
shown direct effects of small scale turbulence on dinoflagellate physiology which could 
affect their blooming capacity (reviewed in Berdalet and Estrada 2005). Furthermore, 
turbulence may interfere with plankton trophodynamics (Rothschild and Osborn 1988). 
Grazing by zooplankton and parasitic infections, in turn, contribute to the modulation of 
microalgal populations (Hutchinson 1967, Reynolds 1984, Lampert et al. 1997, Calbet 
et al. 2003, Rosetta and Mcmanus 2003, Ibelings et al. 2004, Park et al. 2004) and thus 
HAB dynamics. 
Recently, some studies have suggested that parasites might be more effective at 
eliminating toxic dinoflagellates than microzooplankton grazing (Montagnes et al. 
2008). However, there are still many uncertainties regarding this aspect of plankton 
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ecology. For instance, little is known on how physical factors could modulate host-
parasite dynamics in phytoplankton. Doggett and Porter (1996) suggested that 
epidemics of chytrids on a diatom population were correlated with periods of increased 
water turbulence. This feature could be due to an increase in host-parasite contact rates 
with turbulence. A considerable amount of literature exists on this effect, particularly in 
terms of turbulence enhanced predator-prey encounter rates with general theoretical and 
empirical studies (Rothschild and Osborn 1988), supplemented by more specific studies 
focussing on zooplankton grazing (Saiz et al. 1992, Alcaraz 1997, reviewed by Peters 
and Marrasé 2000). Increased encounter rates may not necessarily lead, however, to 
higher ingestion rates (Peters and Marrasé 2000), at least when turbulence intensities are 
high (Mackenzie et al. 1994). In the same line, Kühn and Hofmann (1999) noted that the 
encounter rate between host diatoms and the zoospores of a parasitoid nanoflagellate 
increased with turbulence but the contact time was reduced. The authors hypothesized 
that turbulence interfered with the chemotactic signals, making it more difficult for a 
parasite to locate a host. Indeed, other factors, such as sensory or behavioural 
characteristics could also be involved in regulating encounter dynamics under natural 
conditions (e.g. Kiørboe and Visser 1999, Peters and Marrasé 2000). Finally, to our 
knowledge, no experimental evidence exists on the possible effect of turbulence on 
parasite-dinoflagellate association. 
Many dinoflagellates are susceptible to infection by eukaryotic parasites. Parvilucifera 
sinerae is a recently described endoparasite of dinoflagellates (Figueroa et al. 2008). It 
infects a huge range of thecate and naked dinoflagellates, although its infection 
capability is strain-specific for some species, such as A. minutum and Protoceratium 
reticulatum (Figueroa et al. 2008). This parasite has two well defined stages in its life 
cycle: (i) a free-living stage as a flagellated zooid with an elongated body, about 2 µm 
long, and (ii) as a sporangium inside a host cell. The presence of a dark cyst inside the 
host cell is indicative of mature sporangia. This advanced stage of cellular infection can 
be identified by optical microscopy and its abundance can be used as an estimator of the 
parasite infectivity (Figueroa et al. 2008). 
The main objective of the present work was to explore whether (and if so, how) 
turbulence affects parasite infection on dinoflagellates. In order to address this question, 
we collected field samples during three different phases of a bloom event, characterized 
by the presence of the toxic dinoflagellate Alexandrium minutum and its specific 
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parasite Parvilucifera sinerae. We then subjected the samples to laboratory-generated 
turbulence or kept them unperturbed. In each experiment and treatment, we compared 
data on cell abundances for the three most common dinoflagellate species in our 
samples (Prorocentrum micans, A. minutum and Scrippsiella trochoidea) and collected 
data on the infectivity by P. sinerae. Furthermore, we recorded changes in the number 
of pellicle cysts and resting cysts to explore whether these life forms could represent a 
defence mechanism against the parasite infection as was suggested for pellicle cyst in a 
previous study on Alexandrium ostenfeldii and the parasite P. infectans (Toth et al. 
2004). Finally, we used a simple numerical infectivity model in order to help evaluate 
our observations. 
We used the same experimental conditions and setup as in previous studies on 
turbulence–dinoflagellate interactions (Berdalet et al. 2007, Bolli et al. 2007, Llaveria et 
al. 2009), in order to allow for direct comparisons. Those experiments had indicated, for 
instance, that high turbulence intensity may produce a decrease in growth rate of up to 
25% and a 50% lower biomass yield of the toxic dinoflagellate A. minutum. This 
appeared to be linked to a temporary arrest of the G2/mitosis phase under shaking 
(Llaveria et al. 2009). Furthermore, its life cycle, namely the alternation between 
ecdysal cysts (hereafter referred to as pellicle cyst based on Bravo et al., in press) and 
vegetative cells, was also affected by turbulence (Bolli et al. 2007). In particular, 
pellicle cyst formation was immediately inhibited in the shaken treatments. 
 
MATERIALS AND METHODS 
General design and setup. Previous studies showed recurring dinoflagellate spring 
blooms in Arenys de Mar harbour, 50 Km North of Barcelona (Vila et al. 2001, Van 
Lenning et al. 2007). This site is included in the harmful algal blooms regional 
monitoring program of the Catalan Water Agency (ACA) which provides periodic 
information on the main noxious organisms in the area. For the present study, additional 
samples have been collected in Arenys de Mar harbour since February 1 2006 to track 
the evolution of the entire phytoplankton community. On February 28, March 10, and 
March 29 2006 (Fig. 6.1), sample volumes of the in situ phytoplankton community were 
used as inocula for what will subsequently be referred to as Experiments I, II, and III. In 
the laboratory, the communities were screened through a 60µm diameter mesh to 
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eliminate most micro-zooplankton and big diatoms. Nanoplankton was removed by a 
second screening, using a 15µm diameter mesh. Thus for each of the three inocula we 
used the 15-60µm phytoplankton size fraction. In each of the three experiments, the 
inoculum was distributed into four Florence flasks (spherical Pyrex vessels with flat 
bottom) of 4L capacity, ensuring that each flask contained similar concentration of 
Alexandrium minutum, which we chose as a reference species due to its toxicogenic 
capacity and its sensitivity to turbulence observed in previous studies (Berdalet et al. 
2007, Bolli et al. 2007). Commensurate with the protocol and set-up used in these 
works, we started Experiments II and III with an A. minutum concentration of 500 cells 
mL-1. However, in Experiment I, due to the low concentration of dinoflagellates in the 
natural community, it was only possible to obtain an inoculum containing 150 A. 
minutum cells mL-1. Autoclaved seawater was then added to the inoculum in each flask 
so the total liquid content was at the 3-L mark. Inorganic nutrients and vitamins were 
supplied to obtain a final concentration corresponding to an f/20 seawater enriched 
medium (Guillard 1975). As in Bolli et al. (2007), all four experimental flasks were kept 
still during the first 3 days following inoculation. Thereafter, two of these flasks were 
randomly chosen to be subjected to turbulence on an orbital shaking table at 120 rpm, 
with a 30 mm orbit diameter, over 10 days. For each experiment we thus had two 
replicas that were kept still for the entire duration of the experiment, serving as controls, 
and two replicas that from day 4 onward underwent the turbulence treatment on the 
orbital shakers. We will refer to these two different treatments hereafter as Still and 
Turbulent, respectively. With this configuration of the orbital shaker, the experimentally 
generated turbulence had an average kinetic energy dissipation rate (ε) of ca. 27 cm2s-3 
(2.7·10-1 W kg-1), as estimated by an acoustic Doppler velocimeter (Berdalet et al. 
2007).  
The experiments were carried out in an experimentation chamber with a controlled 
light:dark (L:D) cycle of 12:12h, temperature (18-20ºC) and irradiance (110-120 µmol 
photons m–2s–1). For technical reasons, it was not possible to set the experimental 
temperature to the in situ conditions (12.6-13ºC), but the chosen settings matched those 
used in Bolli et al. (2007) and Llaveria et al. (2009). 
Every 2 to 3 days, at 12:00h GTM, we took a sample from each flask and measured the 
different parameters. 
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Cellular abundance of the most common dinoflagellate species. Samples were fixed 
with Lugol’s iodized solution. A first survey using sedimentation chambers (Utermöhl 
1958) revealed that the dominant species were Prorocentrum micans, Alexandrium 
minutum, and Scrippsiella trochoidea. The different taxa were identified according to 
Balech (1995) and Steidinger and Tangen (1997). The abundances of these dominant 
species were estimated with Sedgewick-Rafter counting cell slides. When the cell 
concentration was below 400 cell·mL-1, 10 mL Utermöhl sedimentation chambers were 
used. 
Infectivity of Parvilucifera sinerae. The presence of the parasite is clearly detected 
when mature sporangia are identified by the presence of a dark cyst inside the 
dinoflagellate cells (Figueroa et al. 2008). In order to evaluate the virulence of parasite 
infection over the duration of the experiments, the abundance of mature sporangia was 
used as a proxy for the number of infected cells (Figueroa et al. 2008). In this 
experiment only A. minutum and S. trochoidea showed signs of infection, but not P. 
micans. Thus, the infectivity is defined as the ratio of infected A. minutum and S. 
trochoidea cells (I) to the total combined cell number from both species: 
(%) 100IInfectivity
S I
= ×+                                       (1) 
where S denotes to susceptible cells, i.e. those cells that are not recognised as mature 
sporangia and are considered susceptible to become infected by the parasite.  
Mature sporangia of P. sinerae were visualized in Lugol’s fixed samples and their 
abundance was estimated by optical microscopy as described above for dinoflagellate 
counts. 
Cysts of A. minutum. The life cycle of Alexandrium minutum comprises the formation 
of two types of cysts (Figueroa et al. 2007): the resting cysts (sexual stage) and the 
pellicle cysts (ecdysal stage). The resting cysts are double-walled and have an almost 
hemispherical  appearance when viewed in frontal view and kidney shaped in lateral 
view (as described in Garcés et al. 2004). Pellicle cysts lack the morphological 
characteristics of resting cysts and germinate faster (i.e. in about 24 hours) when under 
the same environmental conditions. Pellicle cysts of this species may resemble the 
vegetative cells in Lugol fixed samples. However, a subsequent staining with Calcofluor 
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White M2R stain (Fritz and Triemer 1985) allows the visual discrimination between the 
two cellular forms. The fluorochrome specifically binds to the cellulose that constitutes 
the external wall of the vegetative cells. 
We also monitored the presence of A. minutum resting cysts and whether their 
abundance was modified by the treatments. At the end of the experiments, the cultures 
were concentrated down to a final 50 mL volume. Resting cysts were visualized by 
optical microscopy in live samples with no additional staining. 
Model description. Although a great amount of literature exists on the population 
dynamics of parasite-host interactions, including a wide range of models, none of these 
models seemed to be suitable for situations of algal parasitism (Bruning et al. 1992). 
Thus, we adapted a system of equations typically used to describe harmful algal bloom 
dynamics (Tuscott 1995, Franks 1997) to characterise parasite infection. The population 
dynamics is expressed through the following set of ordinary differential equations for 
the susceptible (S) and infected (I) individuals: 
2
2 2
( ) ( ) ( )( ) 1 ( )
( )I
dS t S t S tr S t a I t
dt K k S t
⎛ ⎞= ⋅ − − ⋅⎜ ⎟ +⎝ ⎠                                     (2) 
2
2 2
( ) ( )( ) ( )
( )I
dI t S tb a I t M I t
dt k S t
= ⋅ ⋅ − ⋅+                                 (3) 
where t is the time in days and r is the maximum growth rate in the absence of the 
parasite. K represents the carrying capacity of the culture, defined as the maximum 
dinoflagellate abundance that can be attained in the absence of the parasite. K and r are 
intrinsic characteristics in each experiment. The maximum infection rate a, is the 
number of cells that are newly infected per time after the sporangia opens and liberates 
the free living zooids. The parameter kI denotes a half-saturation constant for infection 
which governs how quickly the maximum infection rate is attained as the number of 
susceptible dinoflagellates increases. The proportionality coefficient b, represents the 
fraction of infected dinoflagellates that are detected as mature sporangia at a given time. 
This factor accounts for our inability to recognise infected cells during the early stages 
of infection (see above). In the absence of mature sporangia, these cells are counted as 
susceptible. In the model we assumed that 10% (b=0.1) of infected cells show mature 
sporangia and can thus be recognised as infected. Finally, M is the rate at which mature 
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sporangia open and liberate the free-living swimming parasites. A full summary of all 
model parameters and their values for the particular simulations is provided in Table 
6.1. 
We applied the model from Eqs. (2) and (3) to Experiments II and III in order to obtain 
estimates for the effect of turbulence on the different parameters. Experiment I was 
excluded from the simulations because of the low dinoflagellate abundances in the 
inoculum (see above). S0 corresponds to the initial count of susceptible cells at time t = 
0. As we did not detect any mature sporangia at the beginning of the experiments, I0 was 
set to 1 sporangia mL-1 (see Results). This value is well below the detection limit (200% 
confidence limits, Andersen and Throndsen 2003) of the microscopic estimation of cells 
used in our study. In order to constrain some of the model parameters, we estimated the 
range for the possible dinoflagellate growth rate r and carrying capacity K from the 
experiments (see Figs. 6.2e, f, h, and i below). Based on earlier work, we also assumed 
that the value of r under turbulent conditions should be 75% of the corresponding value 
in still conditions (Bolli et al. 2007, Llaveria et al. 2009). By varying the other 
parameters to obtain a best possible fit to the data using the maximum likelihood 
method, and assuming that the model provides a sufficiently good representation of the 
underlying dynamics of the system (which we tested by means of a correlation analysis, 
cf. Table 6.1), this method was used to provide an objective means to estimate the effect 
of turbulence on some of the free parameters, in particular the maximum infection rate 
a. 
Although the experiments lasted more than 15 days, we only used the first 9 days of 
each experiment for the comparison with the model simulations (3 initial days under 
still conditions plus 6 subsequent days either under still or turbulent conditions). By 
using only this shorter time period we tried to minimize the risk of dinoflagellate 
mortality induced by long exposure to high agitation (Llaveria et al. 2009). 
 
RESULTS 
Development of the natural bloom event. On the days preceding the sampling for 
Experiment I, the natural phytoplankton community in Arenys de Mar harbour was 
dominated by a typical spring diatom bloom (mainly Chaetoceros spp., data not shown). 
Chapter 6 
137 
Although diatoms were still dominant on February 28th, the day when the inoculum for 
Experiment I was obtained, the number of Alexandrium minutum cells had already 
become relatively high (Fig. 6.1). In the days after this first sample was taken, the 
natural succession led to a dinoflagellate dominated community with similar 
abundances and temporal dynamics of A. minutum and Scrippsiella trochoidea, and 
lower but constant concentrations of Prorocentrum micans (Fig. 6.1). From the 
temporal evolution of cell numbers (Fig. 6.1), we can assume that the inocula for the 
three experiments were obtained at times that correspond to the beginning (Feb. 28th), 
the early maintenance (Mar. 10th), and late maintenance/starting decay (Mar. 29th) 
phases of the dinoflagellate bloom.  
Cellular abundances of the most common dinoflagellate species (Prorocentrum 
micans, Alexandrium minutum and Scrippsiella trochoidea). The populations in each 
of the replicates in Experiments I, II, and III, showed a very similar behaviour with only 
slight differences in cell numbers. The two different kinds of treatments produced 
significant differences in the cell abundances in all three experiments (Fig. 6.2). The 
species-specific response to the treatments is summarised in the following paragraphs:  
Prorocentrum micans: During the first three days of the experiment, when both the 
Turbulent and Still flasks were at rest, all flasks showed similar cell abundances. After 
day 3, when the shaking was started, the cell numbers in the shaken flask were 
consistently lower in all three experiments compared to the still controls (Figs. 6.2a-c). 
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Figure 6.1: Temporal evolution of cellular abundances for Alexandrium minutum, Scrippsiella trochoidea, 
and Prorocentrum micans which dominated the natural dinoflagellate population in the Arenys de Mar 
harbour during the 2006 spring bloom. The three rectangles indicate the dates when the inocula of the 
natural community were obtained for Experiments I (EX I), II (EX II), and III (EX III). 
  
Alexandrium minutum: In Experiment I, the population showed a lag phase of 5 days 
(Fig. 6.2d) followed by a minor increase in cell numbers both in the still and turbulent 
treatments. Differences in the cellular abundances between the two treatments were not 
detected until the last day when cell numbers started to drop in the Still cultures. 
Experiments II and III exhibited a markedly different behaviour between the two 
treatments with the Still populations collapsing on days 9 and 7, respectively. A drop in 
cell numbers under turbulent conditions was only detected in Experiment III from day 8 
onwards (Fig. 6.2f), well before turning off the agitation. The decrease in cell numbers 
due to turbulence was less pronounced, however, compared to the decrease in the Still 
treatment. Overall, it appears that turbulence did not produce an increase in cell 
numbers but facilitated the maintenance of the population at a relatively high level, 
while the Still treatment always produced a drop in cell abundance (Figs. 6.2d-f). 
Scrippsiella trochoidea: In this species, the differences between the Turbulent and Still 
treatments resembled those observed in A. minutum: the cell numbers did not increase 
with turbulence but the collapse of the population was prevented or at least delayed 
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(Figs. 6.2g-i). In the Still treatment of Experiments I, II and, III, the populations started 
to collapse on days 9, 7 and 5, respectively. In the last experiment (Fig. 6.2i), the 
populations subjected to turbulence exhibited a gradual but steady decrease in cell 
concentrations.  
We also observed that the vertical cell distributions within the flasks differed 
significantly between the still and turbulent conditions. While the Turbulent treatments 
produced almost homogeneous cell distributions, in Still conditions approximately 80% 
of the entire dinoflagellate population was concentrated in ca. 40 mm thin surface layers 
during certain hours of the day. 
Infectivity of Parvilucifera sinerae. At the beginning of each experiment, we observed 
only healthy dinoflagellates with intact nuclei and protoplasm but no mature sporangia 
(i.e. infected cells). From day 3 onwards, infected cells of A. minutum (Fig. 6.3a) and S. 
trochoidea (Fig. 6.3b) were identified in all treatments. In contrast, we did not find any 
infected cells of P. micans. At advanced stages of infection, the cells were 
morphologically disrupted, with a dark and degraded cytoplasm, broken thecae were 
abundant and A. minutum and S. trochoidea cells became difficult to distinguish from 
one another.  
The infectivity maximum coincided with the maximum decrease in dinoflagellate cell 
numbers (Fig. 6.4). While the turbulent cultures in Experiment I and II always showed a 
steady increase and did not seem to be affected by the parasite, they show a pronounced 
decline in Experiment III which may be due to detrimental effects of the turbulence 
itself or to parasitic infection (cf. Bolli et al. 2007) since the decrease in cell numbers 
(as in Experiment I and II) coincided with the infectivity maximum. In this case, the 
number of susceptible cells was at its highest (more than 104 cells mL-1, on day 7 of 
Experiment III, Fig. 6.4). 
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Figure 6.2: Temporal evolution of the three most common dinoflagellate species during Experiments I, II, 
and III. Data points are averages of duplicate samples and the vertical bars show the standard errors of the 
mean. The double-ended horizontal arrows indicate the periods during which the corresponding flasks 
where placed on the orbital shaker.  
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Figure 6.3: Sporangia morphology of Parvilucifera sinerae as seen by light microscopy in (a) 
Alexandrium minutum and (b) Scrippsiella trochoidea. Scale bars, 10 µm. 
 
Figure 6.4: Bars: Temporal evolution of the estimated infectivity in each experiment. Lines: Temporal 
evolution of the number of susceptible dinoflagellates during Experiments I, II, and III. Note that 
susceptible cell abundances correspond to the sum of A. minutum and S. trochoidea only (Fig. 6.2), as we 
did not find any susceptibility in P. micans. Data points are averages of the two replicates and vertical 
bars show the standard errors of the mean. The double-ended horizontal arrows show the period during 
which turbulence was applied to the corresponding flasks. S: Still, control treatment. T: Turbulent 
treatment. 
 
A. minutum cysts dynamics. In the Still treatments, the percentage of pellicle cysts 
decreased during the first 5 days and started to increase again afterwards. In all 
experiments, turbulence markedly decreased the proportion of A. minutum pellicle cyst 
once the shaking had started (Figs. 6.5a-c) and their percentage never exceeded 30% of 
the total under turbulent conditions. In Experiment I, the estimated proportion of pellicle 
cysts in still conditions was higher than in Experiment II and III, even in the 
corresponding inocula. This feature might have been related to the extended screening 
process of the natural sample necessary to obtain the sufficiently high concentration of 
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dinoflagellates for the inoculum from the sample that was taken during the diatom 
dominated early bloom phase (see Materials and Methods).  
The percentage of resting cyst formed at the end of the experiments did not account for 
more than the 1% of the total cell numbers and the abundances did not depend on 
whether the cells were exposed to turbulence or not (data not shown). Thus, hereafter 
we will only refer to pellicle cysts. 
 
Figure 6.5: Temporal changes in the cyst abundances in Experiments I, II, and III in both treatments. 
Vertical bars indicate the standard error of the mean, and the shaken period of each treatment is marked 
by the horizontal double-ended arrows. 
 
Numerical simulations. We used the model from Eqs. (2) and (3) to simulate the 
temporal evolution of the number of susceptible (S) and infected (I) dinoflagellate cells 
in our experiments.  
A comparison between the model and observed values is presented in Fig. 6.6 while 
Table 6.1 contains a summary of the parameter values. In order to quantify the ability of 
the model to fit the data we used the root-mean-square (RMS) difference between the 
model prediction P and the data value D:         
     2( )P Dσ = −                                               (4) 
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Figure 6.6: Model-data comparison for Experiments II (EX II) and III (EX III). In the first realisation 
(R1), the model was fit to the data allowing for different infectivity rates, a, in the Still and Turbulent 
treatments. In the second realisation (R2), the infectivity rate was kept the same for the Still and Turbulent 
cases and the maximum likelihood method yielded different half-saturation concentrations kI (see Table 
6.1 for all parameter values).  
The model was applied to the data obtained from Experiments II and III (Fig. 6.6). The 
results from this exercise suggest that the observed differences in cell abundances under 
turbulent and still conditions (Fig. 6.2) can be explained with differences in the 
infection rate a. We found that turbulence could have decreased the infection rate a by 
about 25-30% compared to still conditions (realisation R1 in Table 6.1 and Fig. 6.6). An 
equally good fit to the data could be obtained, however, by keeping the infection rate a 
the same for the Turbulent and Still treatments while increasing the half-saturation 
constant in the turbulent cultures. 
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Table 6.1: Summary of the model parameters and their values during the numerical simulations. “cells” 
refers to susceptible vegetative cells; “spor” corresponds to the mature sporangia. The two different 
values for a and kI represent the two model realisations R1 and R2 that were examined (see text and Fig. 
6.6). 
Symbol Meaning Unit Values used in the numerical simulations 
   Experiment II Experiment III 
   Still Turbulent Still Turbulent 
r 
Maximum growth 
rate in the absence 
of the parasite 
day -1 0.47 0.35 0.69 0.53 
M Rate of mature sporangia opening day 
-1 0.43 0.43 0.43 0.43 
a (R1) 20.1 15.0 23 16.5 
a (R2) 
Maximum infection 
rate 
infected cells  
· spor -1 d-1 15 15 18 18 
b mature sporangia fraction coefficient 
spor ·   
infected cells-1 0.1 0.1 0.1 0.1 
kI (R1) 3000 3000 3300 3300 
kI (R2) 
Half-saturation 
constant cells · mL 
–1
 
1850 3300 2350 4100 
K Carrying capacity cells · mL –1 6000 6000 6750 19000 
S0 
Initial susceptible 
abundance cells · mL 
–1
 2100 2100 1030 1030 
I0 
Initial mature 
sporangia 
abundance 
spor · mL –1 1 1 1 1 
r 2 (R1) 0.98 (p=0.001) 
1    
(p=2·10-5) 
0.98 
(p=0.001) 
0.97 
(p=0.002) 
r 2 (R2) 
Model-data 
correlation for S(t) - 0.95 
(p=0.004) 
0.99 
(p=6·10-5) 
0.96 
(p=0.004) 
0.97 
(p=0.002) 
r 2 (R1) 0.87 (p=0.07) 
0.98 
(p=0.008) 
0.85 
(p=0.06) 
0.99 
(p=0.007) 
r 2 (R2) 
Model-data 
correlation for I(t) - 0.9 
(p=0.05) 
0.99 
(p=0.006) 
0.89 
(p=0.05) 
0.99 
(p=0.006) 
σS (R1) 195 210 301 706 
σS (R2) 
Model-data RMS 
[Eq. (4)] for S(t) cells · mL 
–1
 
352 195 408 704 
σI (R1) 48 6 126 47 
σI (R2) 
Model-data RMS 
[Eq. (4)] for I(t) cells · mL 
–1
 
40 19 97 62 
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This has simply the effect that a higher concentration of host cells is required in order to 
achieve the same rate of infection. The effect of lowering the infection rate a is thus the 
same as increasing the half-saturation constant as both essentially cause a delay in the 
infection. 
Finally, in both model set-ups, the steady states for long periods of exposure to the 
parasite (S(t) and I(t) for t > 50d) tend to similar values for the Turbulent and Still 
treatments (not shown). 
 
DISCUSSION 
The main outcomes of this study are: 1) small-scale turbulence can decrease or delay 
but not prevent the infection of Alexandrium minutum and Scrippsiella trochoidea by 
the parasite Parvilucifera sinerae; 2) biological factors such as host cell density and 
their physiological state affect the degree of infection under turbulent conditions; 3) 
pellicle encystment does not constitute a mechanism for A. minutum to prevent 
infection, and 4) turbulence could delay the parasite infection either by decreasing the 
maximum infection rate a and/or by increasing the half saturation constant kI. We will 
discuss each of these findings in the following sections. 
The dynamics of the dinoflagellate populations showed different trends under still and 
turbulent conditions. The three species did not exhibit a marked increase in cell numbers 
when exposed to shaking, which agrees with findings by previous studies on 
monospecific cultures without parasite (Berdalet and Estrada 1993, Llaveria et al., 
2009). During the few days of exposure to turbulence, the cell abundances of 
Alexandrium minutum and Scrippsiella trochoidea remained relatively constant. 
Unexpectedly, the populations of these two species decreased (with the degree of decay 
depending on the experiment) and collapsed under still conditions. It could be possible 
that a raise in pH may have occurred in the unshaken flasks, associated with the 
development of microplanktonic communities. Havskum and Hansen (2006) noted that 
moderate turbulence could palliate pH-related growth limitations in high density 
cultures of Heterocapsa sp. by facilitating gas exchange. Unfortunately, pH was not 
measured in the present work, and it is therefore not possible to evaluate the real 
contribution of this factor on the observed trends. Because two of our species were 
Chapter 6 
146 
susceptible to parasitic infection, with the maximum infectivity always coinciding with 
the maximum decline in cell numbers, it is more likely that the decay of our populations 
under still conditions was controlled by the presence of the parasite P. sinerae rather 
than increased pH. This hypothesis is partially supported by the observation that 
Prorocentrum micans, a species resistant to infection, grew better in still conditions than 
under turbulence. 
In order to help our understanding of the effect of turbulence on the different parameters 
that govern the infection, we applied a simple infectivity model [Eqs. (2) and (3)] to the 
data. The results provided two possible explanations on how the infection process could 
be affected by turbulence; (i) turbulence acts to reduce the maximum infection rate a, or 
(ii) under increased turbulence the parasites require a higher concentration of host cells 
in order to achieve the same maximum infection rate. Both mechanisms lead to the 
same end result of a lower or delayed contagion. 
In Experiment III, it appeared that turbulence also affected the carrying capacity K of 
the culture, requiring the use of a value that was about three times as high under 
turbulent conditions (cf. Table 6.1). Although the responsible mechanism behind this 
increase is unclear, it could be hypothesised that turbulence negatively affected a direct 
competitor in the natural sample while leaving the species of interest unaffected which 
enabled them to attain higher cell concentrations.  
It has been postulated that certain life cycle stages could be an effective protection for 
dinoflagellates against parasitism. For instance, in cultures of Alexandrium ostenfeldii, 
the abundances of pellicle cysts augmented concurrently with a decrease in the infection 
by Parvilucifera infectans (Toth et al. 2004). In our study, the proportion of A. minutum 
pellicle cysts was markedly reduced in the shaken treatments compared to the still 
control, as observed previously (Bolli et al. 2007). Interestingly, the highest abundances 
of pellicle cysts occurred during the Still treatments, where the infectivity levels were 
higher. There were only few pellicle cysts present in the shaken flasks having lower 
levels of infection. This suggests that pellicle cyst formation did not prevent infection in 
agreement with previous studies that observed infected pellicle cysts of A. minutum 
(Figueroa et al. 2008). Likely, resting (sexual) cysts could be a more effective protection 
against infection, although this cell forms did not account for more than 1% in our 
present experiment.  
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Small-scale turbulence could interfere with the parasite infection through multiple 
mechanisms. Although turbulence can enhance the encounter rates (Rothschild and 
Osborn 1988), it may also shorten the period of contact between the host and parasite. 
As a consequence, relatively still conditions facilitate the host detection and penetration 
by the parasite. Moreover, if host detection by the parasite depended on chemical 
signals, it could be likely that turbulence eroded the chemical microzones surrounding 
the host cells, analogously as it has been observed in other processes (e.g. Mitchel et al. 
1985, Alldredge and Cohen 1987, Wolfe 2000). 
The rate of infection also depends on the host abundance and the host survival threshold 
at which the parasite starts to outgrow and decimate the host population (Bruning 1991, 
Holfeld 1998). In turn, the resulting detection rate by the parasite strongly depends on 
the abundance and the degree of patchiness of the host (Park et al. 2004, Ostfeld et al. 
2005), and aggregates may facilitate the appearance of infection foci around an initially 
infected cell (Real and Biek 2007). In our study, we found that dinoflagellates were able 
to perform vertical migrations under still conditions, forming near-surface 
accumulations in the experimental flasks at particular times of the diel cycle. In the 
field, phytoplankton have also been observed to aggregate in thin layers of high cell 
concentrations which from through a combination of physical and biological 
mechanisms (eg., Birch et al. 2008). Our observations and modelling results suggest that 
the parasite contagion of dinoflagellates could be promoted by the occurrence of thin 
layers, while it might be hampered if the population is well mixed by turbulence and 
thus more disperse. Experiment II provided an estimate of the host abundance required 
for an effective parasite contagion. We estimated that about 80% of the entire 
dinoflagellate population was concentrated in ca. 40 mm thin surface layers during 
certain hours of the day. In these thin layers the cell concentrations would increase up to 
104 cells mL-1, about twice the average concentration in the flask. This concentration 
could be used as an estimate for the threshold that limits the efficient prevention of the 
infection by turbulence (Fig. 6.4c). Indeed, when the cell concentrations were really 
high (e.g. towards the end of Experiment III, the average concentration in the flasks 
exceeded 104 cells mL-1), turbulence could no longer prevent the contagion. 
In both model set-ups, the steady states for long periods of exposure to the parasite (S(t) 
and I(t) for t > 50d) tend to similar values for the Turbulent and Still treatments which 
suggests that turbulence only retards the infection but does not prevent it. In order to 
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verify this hypothesis, further experiments would be needed, however, which include 
observations over longer time periods. Due to the negative effect of the turbulence itself 
on the cell mortality (Llaveria et al. in press), however, this might require a slightly 
different set-up that produces lower turbulent intensities that do not affect cell mortality. 
In addition, it is important to note that the three experiments were performed with 
natural assemblages obtained during different phases of a dinoflagellate bloom. It is 
thus very likely that the sampled populations were not in the same physiological state 
which may superimpose on the effects of turbulence. Experiment I, for instance, was 
performed with communities from the initial (i.e. diatom dominated) phase of the spring 
bloom. The level of infection of A. minutum infection by P. sinerae in the Still 
treatments of this experiment was the lowest compared to the other two experiments. In 
the natural community and at the beginning of Experiment I as well, the cell abundances 
of all three dinoflagellate species were lower than in the other two experiments. This 
indicates, on one side, that the assemblage in Experiment I was in a healthier state. On 
the other, it suggests that the infectivity increases with the host abundance, which 
increased indeed along the natural succession and in Experiments II and III. From our 
data we could estimate that about 3000 cells mL-1 represents the lower concentration 
threshold for an effective contagion by the parasite. This figure is in good agreement 
with Figueroa et al. (2008). It is worth noting that in the succession from Experiment I 
to III, the collapse of susceptible species in still conditions occurred increasingly early 
in the experiment, which would agree with the concept of an ageing population that is 
becoming more susceptible to the parasite infection. However, this stands in contrast to 
the assumption that parasitism is not restricted to weakened or moribund cells, but that 
parasites may even prefer a healthier host (Ibelings et al. 2004). 
 
Figueroa et al. (2008) had noted that the infectivity of A. minutum by P. sinerae was 
strain-specific while Scrippsiella trochoidea was resistant to such infection in either 
laboratory and natural population, in the present study suggests that the susceptibility of 
S. trochoidea to infection by P. sinerae could be also strain-specific. This observation 
corroborates the concept of a high specificity of the host-parasite interactions 
(Chambouvet et al. 2008) and makes it more difficult to design a possible control of 
harmful dinoflagellate blooms by a parasitic attack (Anderson 1997). In any case, the 
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results from the present study suggest that such a control could be modulated by 
turbulence.  
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This thesis has examined the effects of small-scale turbulence on several 
ecophysiological aspects of dinoflagellates. In Chapter 1, a transitory arrest in G2/M 
phase was detected as the main cause of the incipient net growth rate decrease on the 
dinoflagellate Alexandrium minutum under turbulence conditions, while mortality was 
not relevant until 4 days following exposure to turbulence. In Chapter 2, the anti-
tubulin monoclonal antibodies based technique allowed to distinguish dynamic changes 
in the microtubule organization during cell division on dinoflagellates. However, 
turbulence did not seem to affect their structure and our experiments did not provide 
support to the "microtubule hypothesis". In Chapter 3, it was shown for the first time 
that the cell cycle of Karenia brevis was arrested in G1 phase under turbulent 
conditions. The role of caffeine-sensitive ryanodine receptors was excluded from the 
mechanochemical signal transduction pathway activated by turbulence on this species. 
The analysis of the transcripts also revealed mainly a down-regulation of K. brevis 
genes when exposed to turbulence. Chapter 4 showed that turbulence substantially 
increased DMSP per cell and per biovolume on A. minutum cells. The elongation of the 
dinomitosis caused by turbulence appeared to be related to the DMSP accumulation in 
the cells. Chapter 5 evidenced that the degree and kind of responses of the 
dinoflagellates to turbulence, depended on the experimental setup used to generate it. 
High turbulence, generated by the orbital shaker, produced the clearest responses on two 
Alexandrium species at life and cell cycle levels. Lower cellular toxin concentration and 
a drop in ecdysal cyst percentages were estimated during the period of exposure to 
turbulence. It was hypothesized that certain stability of the water column could be 
required for cyst formation. Finally, in Chapter 6, turbulence appeared as a key element 
that could hamper the parasite Parvilucifera sinerae infection on susceptible 
dinoflagellates in some conditions. The capacity of A. minutum to produce ecdysal cysts 
did not confer a particular resistance to infection. A mathematical model suggested that 
turbulence decreased the maximum infection rate. 
As it was expected when this thesis was planned, dinoflagellates showed sensitivity to 
small-scale turbulence along the presented chapters. A wide range of ecophysiological 
parameters was measured and significant responses were observed in most cases, as 
summarized in Fig. C.1. This variety of observations could help, in some way, to 
glimpse a possible underlying mechanism involved in the sensitivity of these 
phytoplankton organisms to turbulence. This aim, was however not completely 
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achieved, not only by the results obtained in themselves (as adequately discussed in 
each chapter), but also because of the poor existing knowledge, nowadays, about the 
role of some physiological processes (e.g. ecdysal cyst production) and metabolites (e.g. 
toxins). Further, note that the study was conducted having clearly in mind that species-
specific responses are always expected in dinoflagellates. Thus, besides summarizing 
general trends is often desirable in science, departs from such global rules may be 
common in the studied organisms. 
 
 
             
Fig. C.1: summary of the main results obtained along the different chapters of the thesis. 
 
It seems clear that the most relevant effects of small-scale turbulence concern the cell 
cycle and this process in turn affects somehow the rest of the observed physiological 
responses. In Alexandrium minutum, the arrest on the G2/mitosis phase, prior to the end 
of dinomitosis, explained the decrease in the net growth rate, and also caused an 
increase in cellular volume. The changes in the concentration and in the diel entrained 
rhythmicity of the DMSP induced by turbulence, appeared to be unequivocally linked to 
the alteration of the cell division phases. The changes in DMSP concentration started to 
be detected after 24 hours of exposure to turbulence, within the same time scale when 
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changes in the cell cycle (Llaveria et al. 2009, chapter 1, Fig. 1.3) were observed in this 
species under the same experimental conditions. This occurs at the same length scale as 
the changes concerning toxin concentration (Bolli et al. 2007, chapter 5, Fig. 5.1). 
Neither the role of DMSP nor that of toxins, considered as secondary metabolites, has 
been clarified yet (Cembella and John 2006, Miller 2004) which makes difficult to draw 
a definitive picture. However, a tight link between them and with the cell division cycle 
should exist. Such link could even involve bioluminescence and migration, which have 
not been studied in this thesis, and that show marked circadian rhythmicities (Fritz et al. 
1990, Lindholm 1992). To clarify this link and to establish the sequence of downstream 
events induced by turbulence in the dinoflagellate cells should be part of future studies. 
It could be hypothesized that the rhythmic dynamics of the DMSP behaves as an “on 
and off” switch causing the cell cycle to proceed. But in turn, the changes in the 
rhythmicity of DMSP concentration could be due to a previous cell division cycle arrest 
in a particular phase. The same would apply to toxins. By now, this would be similar to 
ask: “Which came first, the chicken or the egg?”. Unfortunately, the study performed in 
Karenia brevis, did not allow to clarify the nature of the mechanochemical receptor 
involved in the first steps of the mechanosignal transduction (chapter 3). 
The study of the genic expression agreed with the preferential sensitivity of the cell 
cycle to small-scale turbulence. The analysis of the transcripts pointed at genes involved 
in cell wall and surface that were down-regulated under turbulence in Karenia brevis 
(chapter 3). This finding could also apply to the other species studied in this thesis that 
showed sensitivity at the cell cycle level and even be general to other dinoflagelles. It 
could also be likely that, a down-regulation of gene related to encystment would have 
been obtained if such genetic expression study would have been conducted in 
Alexandrium spp.  
In addition, the study in K. brevis revealed a down-regulation of genes related to several 
cytoskeleton proteins (actin, dynactin, alpha-tubulin,…), which would have been in 
agreement with the results regarding the “microtubule hypothesis”. This hypothesis was 
mainly tested using tubulin labelling, and it was not possible to draw any clear 
conclusion about it (chapter 2). As also stated in that chapter, it could be likely that 
proteins other than tubulin, as pointed by the genic expression study, would have been 
involved in the dinomitosis processes and were not adequately targeted by the 
immunoprobes used. 
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One unexpected result was the marked drop in the ecdysal cyst abundance under 
shaking (chapter 5). This finding questions their hypothesized role as resistance life-
form in front of stressing conditions. Further, they suggest that whatever their role is, a 
relative stabilization of the water column would be relevant for the completion of the 
dinoflagellate life cycle. 
Finally, another interesting and unexpected result was the potential relevance of 
turbulence in the modulation of parasite infection (chapter 6). The performed study 
concerned mainly ecological aspects, besides the physiological state of the population 
should have been superimposed to the observed trends. The results suggest that 
turbulence may impose some constraints to the biological control of harmful (algal) 
blooms by highly specific parasites as suggested by some studies (e.g. Chambouvet et 
al. 2008). 
Besides the exposed restrictions, the obtained results allow to suggest a possible 
sequence of cellular and physiological events (Fig. C.2) that could occur on 
dinoflagellates under particular turbulent conditions. Such sequence could be species-
specific as often seen in dinoflagellates (e.g. Sullivan and Swift 2003, Berdalet et al. 
2007)and, of course, include additional steps.  
Turbulence could activate the corresponding mechanochemical signal transduction 
pathway (involving or not caffeine-sensitive stores) and induce alterations in the cell 
cycle progression. A mainly down-regulation of cytoskeleton associated genes could 
cause a (transitory) arrest of the dinomitosis process (in G2/mitosis or other phases). In 
turn the arrest would modulate other physiological aspects (e.g. toxin or DMSP 
production) linked to the particular affected phases. At this point, it is difficult to 
establish the blockage of the ecdysal cyst formation in this sequence, although it would 
be activated early by the mechanochemical signal transduction. During the time of 
exposure to turbulence, the cells would try to fix the altered pathways, but cell damage 
and cellular death would occur if high turbulence levels persisted in excess. Besides all, 
it cannot be discarded a programmed cell death as a consequence of the differential gene 
expression. 
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Fig. C.2: hypothetical sequence of events activated by turbulence on dinoflagellates that could explain the 
physiological responses detailed in the present thesis. 
 
 
An important methodological consideration 
Along this thesis, one of the most discussed questions by reviewers and colleagues has 
been the quantification and characterization of the turbulence generated in the 
experiments. In particular, the main problem constituted the fact that the turbulence 
intensity generated by the orbital shaker device, was much higher than those values 
usually estimated in natural conditions. Being strict, control (still) situation is also not 
very common in nature, where cells are subjected to hydrodynamic forces, as advection 
and shear. Further, it is not easy to estimate turbulence either in nature nor in the 
laboratory. In any case, it must be noted that it is virtually impossible to mimic oceanic 
turbulence in the laboratory, and indeed it was not the purpose of this study. The 
laboratory approaches presented in this PhD dissertation provided a well-defined and 
controlled experimental environment to force the cells to show their ecophysiological 
responses to a particular factor, the turbulence, that cannot be separated from the rest of 
forcings in the field. Furthermore, the same experimental design and turbulence 
generation device was used to allow direct comparison among results from the different 
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chapters and from previous studies (Berdalet et al. 2007). Other experimental devices 
were used in some experiments during the thesis, which allowed lower intensity 
turbulence generation (chapter 5). These experiments, carried out with the vertically 
oscillating grids and the Couette device, showed that dinoflagellates, as the rest of 
phytoplanktonic organisms, can be seen as sensors of the environment, and because of 
their swimming capacity, cells managed to escape from the turbulent zones. Cells 
preferred to settle or aggregate than to be exposed to shear. Although it was an 
interesting result, the ecophysiological response of the organisms in front of low levels 
of small-scale turbulence or shear could not be considered in these cases. However, I 
like to imagine that future experimental research will consider the use of more realistic 
turbulence conditions. 
 
Comments for future research 
At the end of the present thesis, some old questions remain unsolved and some new 
ones have been opened. In the following, some remarks are made to stimulate future 
research. 
First, the results on ecdysis (asexual) cysts suggest that small-scale turbulence could 
interfere somehow with dinoflagellate sexuality, a relevant phase of the dinoflagellates 
life cycle. Some preliminary and promising tests were carried out but they were not 
included in this thesis. The mechanism of gametes conjugation, zygote formation and/or 
zygote maturation and excystment could be altered under shaking and it may have a 
significant impact on dinoflagellates populations. 
New studies are needed to provide evidence to finally support or refuse the hypothesis 
that small-scale turbulence interferes with the mitotic spindle during the dinomitosis. 
Hard efforts were done here, and probably we are closer to the solution than when this 
thesis began, but nowadays it remains as an open hypothesis. The alternatives suggested 
here (flagella breakage, degree of chromatin condensation, mitotic spindle location, 
involvement of other cytoskeletal proteins, Chapter 2, Discussion) should be also 
considered in the future. 
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It is also important to know more about the triggering mechanisms induced by 
turbulence. The downregulation of certain genes under turbulence points to certain 
mechanisms that could play a key role in the responses of the cells. Further, it was not 
possible to identify proteins involved in the mechanochemical signal pathway 
activation, and ryanodine-sensitive receptors appear not to be involved in Karenia 
brevis. 
Finally, and concerning the physiological alterations caused by turbulence, more data 
about the ecophysiological role of the DMSP and the dinoflagellate toxins are needed 
for the comprehension of the effects of small-scale turbulence on their synthesis 
pathways. A number of interesting questions should be answered, i.e. related to the 
effects of turbulence on the concentration of the DMSP precursor, the methionine, 
and/or oxygen radicals whose production may be increased by shaking.  
 
And in the field, do dinoflagellates respond to turbulence as described here? 
Probably not, in most cases. All the results exposed here, together with those described 
in the literature, could explain why dinoflagellates usually proliferate in calm zones. 
Such calm zones allow to complete their life and cell cycle, linked to vertical migration 
(not studied here!), and proliferate happily. It could be hypothesized that if possible, 
dinoflagellates would try to avoid high levels of turbulence. If they could not escape, 
their ecophysiology could be modulated as described here, which would interfere with 
their populations development. 
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